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Abstract 
The Marathon and Geordie Lake Cu-PGE deposits occur within the Proterozoic Coldwell 
alkaline complex, located on the northeastern shore of Lake Superior, Canada. The 
Marathon deposit is hosted by the Two Duck Lake Gabbro (TDLG), and the Geordie 
Lake deposit is hosted by the Geordie Lake Gabbro (GLG). Three zones of mineralization 
have been identified at Marathon, which, in order of stratigraphic height from the basal 
contact, are the Footwall Zone, the Main Zone, and the W Horizon.  
Silicate mineral textures and chemistry reveal that the Marathon deposit formed in a 
dynamic conduit system with a complex magma evolution history. For example, the 
anorthite content and concentrations of trace elements such as Fe, Sr, Ba, and rare earth 
elements in plagioclase, change significantly across resorption surfaces. Several lines of 
evidence, such as the different pyroxene chemistry of the Footwall Zone compared to the 
other two zones (e.g., higher Fe, lower Mg, V, and Sc) and the absence of inverted 
pigeonite from the W Horizon, suggest that compositionally different magmas infiltrated 
the three zones at different times.  
Some features, such as the replacement of pyrrhotite by chalcopyrite, and sulfide 
intergrown with hydrothermal alteration minerals, which are more common in the 
Footwall and Main zones than the W Horizon, suggest that the metals were remobilized 
by volatiles, especially in the Footwall and Main zones. Given the ubiquity of 
hydrothermal alteration, principally in the lower part of the TDLG, the volatiles were 
possibly derived from devolatilization of the country rocks below the TDLG. Late apatite 
crystals are associated with residual hydrous melt aggregates, and are replaced along the 
rims. In the Footwall Zone, these replacement rims resulted from the interaction of late 
apatite with Cl-rich volatiles exsolved from the gabbroic melts. These rims have high 
metal contents and are associated with chalcopyrite indicating that the metals and S were 
also remobilized by these volatiles in the Footwall Zone.  
All δ34S values from the Marathon deposit are within the range of typical magmatic 
values (0 ± 2‰). Sulfides from the Marathon deposit, however, show a Δ33S range from -
0.91 to 0.00, and these values exhibit a negative correlation with Δ36S, indicating that 
sulfur was derived from both the mantle and Archean sedimentary rocks. Crustal sulfur 
	 v 
contamination is probably not reflected in the δ34S values because of the similarities 
between mantle and Archean sedimentary-derived sulfur.  Given that the country rocks in 
the vicinity of the Marathon deposit are felsic to intermediate volcanics and 
volcaniclastics, and contain insignificant amounts of sulfide, crustal sulfur assimilation 
must have occurred at depth, prior to magma emplacement. The magnitude of the Δ33S 
anomaly decreases with increasing distance from the basal contact suggesting that sulfur 
contamination from Archean country rocks was greatest in the Footwall Zone. The 
overall higher Cl/F ratios of apatite in the Footwall and Main zones compared to the W 
Horizon can be explained if chlorine was added to the Footwall Zone magma at the time 
that sulfur contamination occurred at depth. The Main Zone magma, however, is less 
contaminated and the W Horizon was not contaminated.   
Sulfides from the Geordie Lake deposit exhibit a wider range of δ34S values than in the 
Marathon deposit, but are within the range of magmatic values (0 ± 2‰). Nevertheless, 
the values exhibited by hydrothermal chalcopyrite compared to those of magmatic 
pyrrhotite, and to values of chalcopyrite from country rock syenite, indicate derivation of 
sulfur from an external source and from the gabbroic magmas.  
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Chapter 1 
Introduction 
1.1 Introduction 
The unique physical and chemical behavior of the platinum-group elements (PGE) makes 
them important for a wide variety of industrial and emerging technologies, including fuel 
production, engine emission control, catalysts, and communications (Brenan, 2008; 
http://pubs.usgs.gov/fs/2014/3064/pdf/fs2014-3064.pdf). Economic concentrations of 
PGE in the extremely PGE-depleted silicate Earth are, however, rare. Industrial demand 
for PGE, combined with their scarcity, underscores the importance of understanding the 
processes controlling the occurrence of mineable PGE concentrations in the extremely 
PGE-depleted continental crust (Brenan, 2008; http://pubs.usgs.gov/fs/2014/3064/pdf/ 
fs2014-3064.pdf). The largest and most significant PGE deposits around the world are 
associated with mafic or ultramafic plutons. Although PGE ore deposits have been 
explored for and exploited for many years, there is still debate over the PGE enrichment 
mechanisms. The Proterozoic Coldwell alkaline igneous complex in northwestern Ontario 
is a large intrusive body and hosts PGE-Cu deposits including the Marathon and Geordie 
Lake deposits. There are still many questions related to the genesis of these two deposits. 
1.2 Magmatic PGE Deposits  
Platinum-group elements comprise ruthenium (Ru), rhodium (Rh), palladium (Pd), 
osmium (Os), iridium (Ir), and platinum (Pt), and belong to group 8, 9 and 10 transition 
metals. They exhibit both siderophile and chalcophile tendency as they prefer to form 
metallic bonds over ionic bonds, and covalent bonds with sulfur rather ionic bonds with 
oxygen (Mungall, 2005).  The PGE typically occur in low concentrations in most mafic 
rocks (ppt to ppb range) but can reach higher concentrations (ppm), where they can occur   
as metallic alloys, tellurides, selenides, arsenides, sulpharsenides (Crocket, 2002). Several 
magmatic mechanisms have been proposed for PGE enrichment including partial melting, 
fractional crystallization, gravitational settling, liquid immiscibility, and PGE clustering 
(Robb, 2005). The most widely accepted model for the genesis of magmatic PGE-Cu 
deposits, however, involves sulfide liquid immiscibility and the extraction of chalcophile 
metals from silicate magma into a coexisting sulfide liquid (Good and Crocket, 1994; 
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Kerr and Leitch, 2005; Mungall and Naldrett, 2008). Sulfide saturation, and the resulting 
sulfide liquid immiscibility, can be attributed to one or more mechanisms: 1. fractional 
crystallization, 2. an increase in oxygen fugacity (fO2), 3. country-rock assimilation, and 
4. magma mixing during fractional crystallization. During progressive cooling and 
crystallization, the concentration of sulfide increases in the residual silicate melt until the 
magma reaches sulfide liquid saturation (i.e., immiscibility) (Robb, 2005; Mungall and 
Naldrett, 2008). Sulfur can dissolve into magmas by displacing oxygen that is bonded to 
ferrous iron [FeO melt +½S2↔FeS melt +½O2]. Therefore, increasing fO2 would result 
in an increase in ferric iron and consequently decrease sulfide solubility (Naldrett, 2004; 
Robb, 2005). Another mechanism that can cause sulfide liquid immiscibility is the 
assimilation of S-rich country rocks by mantle-derived, PGE-rich, S-undersaturated 
magma (Robb, 2005; Mungall and Naldrett, 2008). Assimilation of Si-rich country rocks 
can also decrease solubility of sulfide in mafic magmas and therefore trigger sulfide 
liquid saturation and immiscibility (Lightfoot and Hawkesworth, 1997; Li and Ripley, 
2005; Ripley and Li, 2013; Seat et al., 2009). In the case of magma mixing, injection of 
compositionally different magma batches during early magma fractionation (i.e., magma 
mixing) can also cause sulfur saturation and thus sulfide liquid immiscibility (Robb, 
2005; Mungall and Naldrett, 2008).  
Due to high partition coefficients between the sulfide and silicate liquids, the chalcophile 
metals (Co, Ni, Cu, and PGE) tend to concentrate in any sulfide liquid coexisting with 
silicate liquid. Therefore, sulfide droplets resulting from one or more of the above 
processes would scavenge PGE during interaction with silicate liquid. The PGE 
scavenging will be more effective if the mass ratio of interacting silicate liquid to sulfide 
liquid (R value; R = silicate liquid/sulfide liquid) is high (Kerr and Leitch, 2005). 
Subsequently, the sulfide liquid droplets could coalesce and grow and, due to their high 
density, will settle to the base of the body of silicate liquid and form a sulfide-rich 
horizon, and potentially an ore deposit (Mungall and Naldrett, 2008). All these processes 
could have been followed by sulfide removal, which may have caused further increase to 
the PGE content. This model, which is referred to as multistage dissolution upgrading, 
operates by passing new, S-undersaturated magma pulses through a magma conduit, 
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which results in dissolution of preexisting sulfide, but not of PGE (Kerr and Leitch, 
2005). 
Magmatic PGE deposits are generally sulfide poor and can be divided into different 
groups based on their petro-tectonic setting (Naldrett, 2004). Class PGE-1 includes the 
largest PGE deposits of the world in the Bushveld complex (South Africa), the Stillwater 
complex (USA), and the Great Dyke (Zimbabwe). This class is characterized by a high 
proportion of U-type magma (Al2O3-poor and MgO-, Cr- and SiO2-rich) which was 
followed by input of magma with a more typical tholeiitic composition. U-type magmas 
have compositions that are intermediate between boninites and the siliceous high-
magnesium basalts (SHMB) found in greenstone belts, but are more similar to SHMB; 
both U-type magmas and SHMB formed by crustal contamination of komatiite parent 
magmas (Barnes, 1989). Class PGE-2 includes those deposits that are related to U-type 
and tholeiitic magmas, but where the tholeiitic magmas are dominant. Intrusions that do 
not show any evidence of U-type magma, and are only related to tholeiitic magma, are 
grouped as class PGE-3. Examples include the East Bull Lake (Ontario, Canada), River 
Valley (Ontario, Canada), and Sonju Lake intrusions (Minnesota, USA), the latter being 
in the Duluth Complex, as well as the Coldwell Complex intrusions (Ontario, Canada) 
and the Lac Des Iles deposit (Ontario, Canada) (Naldrett, 2004). 
PGE deposits can also be classified on the basis of morphology and mineral association 
(Naldrett, 2004). Based on morphology they have been subdivided into two groups, 
referred as reef-type (mineralization within rock layers) and contact-type (mineralization 
near the contacts or margins of layered mafic-ultramafic intrusions). Contact-type PGE 
deposits are preferentially located where plutons are in contact with sulfur-, iron, or CO2-
bearing country rocks, where the assimilation of such country rocks is suggested to be the 
critical mechanism for attaining sulfide-liquid immiscibility (Zientek, 2012). These 
deposits are characterized by the following: 
(1) They are generally tens of meters wide and the highest grade of mineralization can 
be found tens of meters above or below the contact (Iljina and Lee, 2005).   
(2) They are typically base-metal sulfide bearing, and often enriched in Cu. However, 
Ni can be more abundant than other base metals, as is the case in the Platreef 
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(Iljina and Lee, 2005). Sulfides occur as disseminated, net-textured, and massive 
accumulations (Zientek, 2012).  
(3)  Erratic variation in both absolute PGE contents and in the relative proportion of 
PGE to the base metals is a common feature. However, compared to reef-type 
deposits, the PGE concentrations are lower (Iljina and Lee, 2005) indicating lower 
R values (Mungall, 2005). 
(4) Distribution of sulfide throughout the deposit is erratic, although the sulfide 
concentration generally increases toward the contact with country rocks (Zientek, 
2012). 
(5) The host rocks are commonly varitextured showing variation in texture and 
mineral proportions in a scale of centimeters to meters (Zientek, 2012).    
(6) Low temperature PGM assemblages are dominant including Pd-As, Pd-As-Sb, Pd-
Bi-Te and Pt-Au minerals, and, sulfide and Fe-alloys are rare. 
(7) The country rocks of these deposits show extensive interaction with mafic magma 
resulting in thick marginal zones in which compositional reversals in modal 
mineralogy and mineral chemistry are common (Iljina and Lee, 2005). 
(8) Different magma types and/or sequential magma pulses were involved (Iljina and 
Lee, 2005). 
Processes involving prolonged magma flow through restricted pathways have been 
suggested in many models for the formation of magmatic Ni-Cu-PGE deposits (Arndt et 
al., 2003; Barnes et al., 2016; Good et al., 2015), and such deposits have been referred to 
as conduit-style deposits. It is suggested that this model could result in higher R factors 
and thus higher grades of PGE (Barnes et al., 2016; Good et al., 2015).  
1.3 Aqueous Geochemistry of the PGE 
Although sulfide melts have been accepted as the major PGE collector in magmatic 
systems, experimental studies indicate that PGE can also be carried by fluids. Deuteric 
fluids, exsolved from silicate melts during late-stage crystallization, could flux through 
partially crystallized cumulate rocks and result in the modification of exiting, or creation 
of new, PGE deposits (Mungall, 2005). 
Experimental studies indicate that in low-temperature (<500 °C) hydrothermal fluids, Pt 
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and Pd can be mobilized as chloride complexes only under highly oxidizing and/or highly 
acidic conditions (Gammons and Bloom, 1993; Wood, 2002). For conventional magmatic 
Ni-Cu-PGE deposits, these conditions appear not to be met, and therefore Pt and Pd 
transport by bisulfide complexation is likely to be more important than by chloride 
complexation (Hanley, 2005). Chloride has been also suggested as a major ligand for the 
PGE at higher temperatures (Hanley, 2005). Theoretical calculations and experimental 
studies on H2O-free vapors indicate that PGE can also be mobilized by chloride vapor 
species, but only at temperatures above 1000 °C, and are more soluble if the vapor phase 
contains both Cl and S, but are not soluble if S is the only ligand (Wood, 1987; Fleet and 
Wu, 1993). In addition, more recent work suggests that chloride-carbonate fluids can 
transport both the PPGE (Rh, Pt, Pd) and the IPGE (Ir, Os, Ru) more effectively than 
H2O-dominant fluids (Simon and Pettke, 2009; Blaine, 2010; Blaine et al., 2011). 
1.4 Geological Background  
1.4.1 The Midcontinent Rift System of North America 
The Mesoproterozoic Midcontinent Rift System (MRS) of North America formed at 
about 1.1 Ga and is one of the largest continental rifts in the world. It is over 2000 km in 
length, from southwest of Lake Superior as far as central Kansas to southeastern 
Michigan (Heaman and Machado, 1992; Ojakangas et al., 2001). The MRS developed in 
Archean (2.7 Ga) and Early Proterozoic (1.9 Ga) rocks. Associated Keweenawan 
volcanism started at 1108 Ma, lasted for 21 Ma, and erupted voluminous amounts of 
magma, reported to be between 300,000 (Green, 1983) and 850,000 km3 (Hutchinson et 
al., 1990). Several scattered tholeiitic intrusions are associated with the MRS, including 
the Duluth Complex (Minnesota), the Mellon Complex (Wisconsin), the Logan Sills 
(Ontario), and the Coldwell Complex (Ontario) (Heaman and Machado, 1992).     
1.4.2 The Coldwell Complex 
The Coldwell Complex, the largest alkaline intrusive complex in North America, is 
located on the northeast shore of Lake Superior, in northwest Ontario (Mitchell and Platt, 
1982; Walker, 1993). It was emplaced at ~1108 Ma (Heaman and Machado, 1992) and 
intruded into Archean metavolcanic, metasedimentary, and granitic rocks of the 
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Schreiber-White River greenstone belt. The Coldwell Complex has a subcircular shape, 
with a diameter of 25 km and a surface area of 580 km2 (Walker et al., 1993). It is 
subdivided into three intrusive centers, representing distinct magmatic episodes (I, II, and 
III) (Mitchell and Platt, 1982; Walker et al., 1993) (Fig. 1.1). Center I is composed of 
syenite, syenodiorite, layered ferroaugite-amphibole syenite and a gabbroic unit (Eastern 
Gabbro), which hosts the Marathon deposit (Walker et al., 1993). Center II comprises 
nepheline-bearing alkali biotite gabbro, hastingsite-bearing miaskitic nepheline syenite, 
and minor lamprophyres and tinguaite dikes. Center III consists of magnesio-hornblende 
syenite, ferro-edenite syenite, quartz syenite, and minor granites (Mitchell and Platt, 
1978; Mitchell et al., 1991). Center I is the oldest intrusive phase, which was followed by 
the emplacement of Center III and then finally Center II (Kulakov et al., 2014).    
1.4.3 The Marathon Deposit  
The Marathon PGE-Cu deposit is hosted within the Two Duck Lake gabbro (TDLG) of 
the Coldwell alkaline complex. The TDLG belongs to the Marathon Series, which is one 
of the distinct rock series of the Eastern Gabbro. Detailed geology of the Marathon 
deposit is described in Chapter 2. The mineralization at Marathon has been divided into 
three major distinct zones that have different textural, mineralogical and geochemical 
characteristics: Footwall Zone, Main Zone, and W Horizon (Table 1.1). The resource 
estimate (measured and indicated) for the Marathon deposit is 97.4 million tons at 
average grades of 0.27% Cu, 0.75 ppm Pd, 0.23 ppm Pt, and 0.09 ppm Au. The Main 
Zone comprises approximately 70% of the resource (Good et al., 2015). The Footwall 
Zone occurs at the contact of the Two Duck Lake (TDL) intrusion with the Archean 
metavolcanic country rocks and comprises massive to semi-massive sulfides 
characterized by low Cu/S (Table 1). The Main Zone is located above the Footwall Zone, 
further from the contact with the Archean rocks, and contains disseminated interstitial 
sulfides. Above the Main Zone, the W Horizon is characterized by high PGE and low S 
contents, and lower Cu/Pd ratio compared to the Main Zone (Table 1).    
The Marathon deposit is classified in class PGE-3 of the Naldrett (2004) classification 
and has previously been considered as a contact-type deposit (Barrie et al., 2002). More 
recently, it has been classified as a conduit-type deposit (Good et al., 2015).  
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1.4.4 The Geordie Lake Deposit 
The Geordie Lake deposit is hosted by the Geordie Lake Gabbro (GLG) and is located 
near the center of the Coldwell Complex. The geology of the Geordie Lake deposit is 
reported in detail in Chapter 3. The estimated measured and indicated resource of the 
Geordie Lake deposit is 32.42 million tons at 0.37% Cu, 0.61 ppm Pd, 0.04 ppm Pt, and 
0.05 Au (Drennan and Fell, 2010).  
1.5 Research Objectives  
The objectives of this study are to understand: 1. The petrogenetic evolution of the host 
rocks of the Marathon deposit with respect to both magmatic processes and fluid-rock 
interaction, 2. The petrogenetic link between the host rocks of the three mineralized zones 
in the Marathon deposit, 3. The importance of the country rocks in the formation of the 
Marathon and the Geordie Lake deposits, 4. The role of fluid/volatile-related processes in 
the PGE-Cu mineralization in Marathon deposit. To achieve these objectives the 
following questions were addressed. 
● Do the various zones represent crystallization from a single magma or do they 
represent successive pulses of magma from a chamber undergoing fractional 
crystallization? Whether the recently suggested dynamic system in a conduit-
related model applies?    
● Do the rocks that host the Footwall Zone, the Main Zone, and the W Horizon have 
different petrogenetic histories?  
● At what stage of the evolution of the three mineralized zones were the magmas in 
equilibrium with sulfide liquids?  
● How do the petrogenetic histories of the three mineralized zones relate to metal 
and sulfur concentration? For example, is the recently proposed multistage 
dissolution-upgrading model applicable?   
● What was the source of sulfur? How important was crustal sulfur contamination in 
the genesis of the Marathon and the Geordie Lake deposits?  
● What was the timing of the fluid-rock or fluid-melt interaction event(s) relative to 
mineralization?  
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● What were the possible sources of fluids/volatiles that have affected the Marathon 
deposit? 
This dissertation consists of five chapters. Chapters 1 and 5 are the Introduction and 
Conclusions, respectively. The other three chapters (2, 3, 4) are manuscripts in 
preparation for publication in which the above-mentioned objectives are considered.  
In Chapter 2, petrographic and SEM-EDS analyses of plagioclase and pyroxene (the two 
principal minerals in the TDLG), are combined with major and trace-element chemistry 
to elucidate: 1) whether the different zones at Marathon resulted from crystallization of a 
single magma or from successive pulses of magma from a chamber undergoing fractional 
crystallization at depth, 2) the relative timing of fluid-rock or fluid-melt interaction 
event(s) and their relationship with the mineralization and also possible sources of fluids, 
and 3) whether the three mineralized zones experienced different petrogenetic histories. 
In Chapter 3, sulfur isotope studies has been employed to assess the role of country rocks 
in the genesis of the Marathon and Geordie Lake deposits and to determine if mantle-
derived sulfur was the dominant sulfur source or if there was a mixture of mantle-derived 
and crustal sulfur. 
In Chapter 4, textural and chemical variation of apatite has been utilized to evaluate: 1) 
their petrogenetic implications for the TDLG, and 2) the possible role of fluid-rock 
interaction in terms of timing and relationship with mineralization, and 3) possible 
sources of volatiles.  
None of the studies and techniques that have been utilized in this research has been 
considered in previous studies at Marathon and Geordie Lake.     
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Figure 1.1 Geology map of the Coldwell Complex showing the Eastern Gabbro, the syenitic rocks 
and the location of the Marathon deposit (modified after Good et al., 2015). The intrusive centers 
have been shown by Roman numerals (modified after Mulja and Mitchell, 1991).   
 	
????????????????????????????
??
??
??
??
??
??
????????
???????
????????????
????
?????????
??????
????
??????
????
???????
????
???????
????
????????????
???????
?????????????
?
?
?
?
?
??
??
???
??? ???
???
??????????????
??????????????
??????????????
????????????????????
????????????????????????
?????????????????
????????????????????????
?????????????????
?????????????????????
?????????????????????????????
?????????????????????????
????????????????????
?????????????????
????????????????????????
??????????????
????????????????????
??????????????????????
??????????????????????
?????????????????????
????????????????????????????
??
??
??
??
??
??
????????
???????
????????????
????
?????????
??????
????
??????
????
???????
????
???????
????
????????????
???????
?????????????
?
?
?
?
?
??
??
???
??? ???
???
??????????????
??????????????
??????????????
????????????????????
????????????????????????
?????????????????
????????????????????????
?????????????????
?????????????????????
?????????????????????????????
?????????????????????????
????????????????????
?????????????????
????????????????????????
??????????????
????????????????????
??????????????????????
??????????????????????
?????????????????????
????????????????????????????
??
??
??
??
??
??
????????
???????
????????????
? ??
?????????
??????
????
??????
????
???????
????
???????
????
????????????
???????
?????????????
?
?
?
?
?
??
??
???
??? ???
???
??????????????
??????????????
??????????????
????????????????????
????????????????????????
?????????????????
????????????????????????
?????????????????
?????????????????????
?????????????????????????????
?????????????????????????
????????????????????
?????????????????
????????????????????????
??????????????
????????????????????
??????????????????????
??????????????????????
?????????????????????
????????????????????????????
??
??
??
??
??
??
????????
???????
????????????
????
?????????
??????
????
??????
????
???????
????
???????
????
????????????
???????
???? ?? ? ?
?
?
?
?
??
??
???
??? ???
???
??????????????
??????????????
??????????????
????????????????????
????????????????????????
?????????????????
????????????????????????
?????????????????
?????????????????????
?????????????????????????????
?????????????????????????
????????????????????
?????????????????
????????????????????????
??????????????
???????? ???????????
??????????????????????
??????????????????????
?????? ??????????????
	 14 
 
 
Table 1-1 Characteristics of mineralized zones comprising the Marathon PGE-Cu deposit (Good et al., 2015). 
	
Mineralized zone Sulfide occurrence1 PGE grade (g/t) S content (ppm) Cu/Pd 
Footwall Zone Semi-massive to net-textured magmatic - Up to 20000 to 30000 > 6000 to 35000 
Main Zone Disseminated magmatic and replacing primary magmatic sulfides  0.8 to 10 500 to 10000 1000 to 20000 
W Horizon Disseminated 2 to 70 500 to 4000 ~ 1000 (~ 500 for high-grade W-Horizon) 
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Chapter 2 
The Marathon PGE-Cu deposit, Coldwell alkaline complex, Ontario: 
Insights from silicate mineral textures and chemistry 
2.1 Introduction 
Contact-type low sulfide PGE-Cu (-Ni) deposits are characterized by disseminated sulfide 
mineralization near the contacts or margins of layered mafic intrusions. In such deposits, 
the distribution of sulfides, absolute PGE contents, and relative proportions of PGE and 
base metals are erratically distributed, although sulfide abundance generally increases 
toward the contact with country rocks. A key characteristic of these deposits is extensive 
interaction between the mafic magmas and country rocks. Involvement of more than one 
magma type and/or sequential magma pulses has also been reported (Naldrett, 2004; 
Iljina and Lee, 2005; Zientek, 2012). Previous studies on this type of deposit also have 
reported a role for volatiles in modifying metal distributions (Harris and Chaumba, 2001; 
Boudreau & Hoatson, 2004; Manyeruke et al., 2005; Holwell et al., 2014). A variety of 
approaches, including oxygen, sulfur, and strontium isotope studies, as well as whole-
rock and mineral chemistry [e.g. (Nb/Th)PM, (Th/Yb)PM , S/Se], have been used to assess 
the involvement of crustal contamination and the role of repeated intrusion of magma in 
the formation of these deposits. Oxygen isotope, mineral, and whole-rock minor and 
trace-element chemistry have also been used to evaluate volatile activity. Examples of 
contact-type PGE-Cu deposits include the Platreef of the Bushveld Complex (Harris and 
Chaumba, 2001; Holwell et al., 2007; Pronost et al., 2008; Ihlenfeld and Keays, 2011), 
the Partridge River intrusion in the Duluth Complex (Thériault et al., 2000; Ripley et al., 
2007), the Dunka Road deposit in the Duluth Complex (Thériault et al., 1997; Thériault 
and Barnes, 1998), the East Bull Lake intrusion (Peck et al., 2001), the River Valley 
intrusion (Holwell et al., 2014), and the Federov Pansky intrusion (Schissel et al., 2002). 
Despite extensive studies on this type of deposit, debate continues regarding the 
mineralizing processes. For example, there is a diversity of opinion about the importance 
of crustal contamination at depth versus at the site of intrusion, as well as its importance 
in causing sulfide liquid immiscibility. Most previous studies have focused on the role of 
crustal contamination and used whole-rock chemistry and isotope studies to develop 
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models for these deposits. Repeated magma influx or crustal contamination may be 
expected to have influenced the character and chemistry of the principal minerals (e.g., 
plagioclase and pyroxene) in the gabbros and other rock types that host mineralization, 
however, no studies have provided the detailed textural and chemical data on such 
minerals that is required to reveal information on such processes and their relationship to 
mineralization.   
The Marathon PGE-Cu deposit has been classified as both a contact-type deposit (Barrie 
et al., 2002), and, more recently, as a magma conduit-type deposit (Good et al., 2015). It 
is hosted by the Two Duck Lake gabbro (TDLG), an early phase of the Mesoproterozoic 
(1108 ± 1 Ma) Coldwell alkaline complex (Watkinson and Ohnenstetter, 1992; Heaman 
and Machado, 1992; Good and Crocket, 1994; Dahl et al., 2001; Barrie et al., 2002). Its 
formation has variously been attributed to magmatic (Good and Crocket, 1994) or 
hydrothermal processes (Watkinson and Ohnenstetter, 1992), or a combination thereof 
(Barrie et al., 2002). The Marathon deposit comprises three principal zones of 
mineralization with different textural, mineralogical, and geochemical characteristics: 
Footwall Zone, Main Zone, and W Horizon. For the Main Zone, Good and Crocket 
(1994) proposed dominantly magmatic enrichment that was based on the relationships 
among the concentrations of chalcophile elements, siderophile elements, and S, as well as 
the general absence of extensive hydrothermal alteration. These researchers also 
suggested that significant in situ fractional crystallization would have been unlikely, 
based on the apparent absence of any variation in mineral compositions across the TDLG. 
The common occurrence, however, of platinum-group minerals (PGM) in or adjacent to 
postcumulus chalcopyrite, and the association of PGM with hydrous minerals, led 
Watkinson and Ohnenstetter (1992) to suggest that PGM deposition in the Main Zone 
resulted from hydrothermal processes at relatively low temperatures. Some features, 
however, such as pegmatitic textures, replacement of primary magmatic sulfides by 
hydrous phases, and stratigraphic decoupling of metal concentrations, led Barrie et al. 
(2002) to suggest a model that is similar to those suggested for other contact-type 
deposits, such as the Platreef in the Bushveld Complex. They concluded that fluids were 
important in the formation of the Marathon PGE-Cu mineralization in the Main and 
Footwall zones, and proposed that zone refining occurred as a result of fluid fluxing 
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through the cumulus pile, including sulfide liquid, under supra-solidus conditions. More 
recently, it has been proposed (Ruthart et al., 2010; Ruthart, 2013; Good et al., 2015) that 
multistage-dissolution upgrading was responsible for the character of the W Horizon. In 
this model, S-undersaturated magma passed through magma conduits late in the evolution 
of the TDLG, which resulted in the dissolution of preexisting sulfide, but not PGE (cf. 
Kerr & Leitch, 2005), resulting in high PGE/Cu and PGE/S ratios, and high PGE grades.   
The models proposed above for the origins of the Marathon deposit have either used 
whole-rock chemistry and rock textures (Watkinson and Ohnenstetter, 1992; Good and 
Crocket, 1994, Good et al., 2015), major-element mineral chemistry (Good and Crocket, 
1994; Dahl et al., 2001), the chemistry of PGM and their distribution (Watkinson and 
Ohnenstetter, 1992; Good et al., 2015), or sulfide mineral chemistry and textures (Samson 
et al., 2008; Good, 2010; Ruthart et al., 2010). For contact-type and conduit-style 
magmatic models, and for zone refining models, any whole-rock signature will represent 
the cumulative effects of magma-crystal and volatile-magma-crystal interaction, as well 
as, in the case of the conduit model, crystal transport, segregation, and accumulation. 
Such interactions are, however, predicted to have been recorded in the growth history 
(textures and chemistry) of the principal minerals in the gabbros (plagioclase and 
pyroxene), an aspect of these systems that has not been considered in detail in previous 
studies. Such data hold potentially valuable information regarding the supra- and sub-
solidus evolution of the gabbros and the development of mineralization. Therefore, to 
address these questions, as well as assess the thermal history of the rocks and further 
develop models for conduit-type PGE-Cu deposits we have studied the chemical and 
textural characteristics and evolution of plagioclase and pyroxene at Marathon in the 
context of sulfide mineral distribution in the various mineralized zones.  
The major and trace-element chemistry of plagioclase and pyroxene, combined with 
petrography, has been used by a number of authors to elucidate magma-chamber 
processes, such as magma sources, the nature and degree of fractional crystallization, 
magma recharge, and fluid-rock interaction (e.g., Hall, 1987; Kruger, 1992; Best, 2003; 
Blundy and Cashman, 2008; Streck, 2008; Elardo and Shearer, 2014; Tanner et al., 2014). 
Plagioclase chemistry has long been recognized as a good recorder of crystallization 
history and the chemical evolution of magmas, due to easily recognized compositional 
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zoning (e.g., Ginibre et al., 2002; Ginibre et al., 2007; Humphreys et al., 2006; 
Humphreys, 2009; Gorokhova et al., 2013). Pyroxene can exhibit similar features to 
plagioclase, and, in large plutons where cooling was relatively slow, may contain 
exsolution lamellae. The thickness and orientation of exsolution lamellae in pyroxene is a 
function of lattice parameters and cooling history (Poldervaart and Hess, 1951; Robinson 
et al., 1977). Therefore, understanding the character, evolution and timing of exsolution 
lamellae in pyroxene can be useful in determining the petrogenesis of the host rocks 
because they can provide information on the temperatures and pressures of equilibration 
(Rajesh, 2006; Yavuz, 2013; Huang et al., 2007).  
Fractional crystallization generally results in a regular variation in mineral composition 
across large plutons and a lack of abrupt changes in the major and trace-element 
composition within individual crystals. This would result in normal zoning and a 
continuous decrease in the An content of plagioclase and the Mg# of clinopyroxene 
throughout the stratigraphy of a given pluton (cf. Jang and Naslund, 2001; Jang and 
Naslund, 2013; Humphreys, 2009; Bernstein, 2006; Toplis et al., 2008; Hogmalm, 2009). 
In contrast, in flow-through systems, both plagioclase and pyroxene would be expected to 
show significant textural variation, particularly the development of resorption surfaces 
(cf. Ginibre et al., 2002; Browne et al., 2006; Humphreys et al., 2006; Streck, 2008; 
Jankovics et al., 2012; Ustunisik et al., 2014). Other evidence of flow-through systems 
include abrupt changes in the mineralogy and major and trace-element composition of 
pyroxene and plagioclase (cf. Jang and Naslund, 2001; Jang and Naslund, 2013; 
Jankovics et al., 2012), different mineralogy in different parts of a pluton (Mondal and 
Mathez, 2007), and a lack of large-scale vertical differentiation. An example of evidence 
for a flow-through system is the late occurrence of inverted pigeonite that post-dated 
orthopyroxene and/or clinopyroxene (Roelofse and Ashwal, 2012). Flow-through systems 
result in higher R factors (the volume ratio of interacting silicate melt to sulfide liquid) 
and therefore PGE enrichment will be more effective (Kerr & Leitch, 2005).  
A few studies of low-sulfide PGE-Cu deposits have used the major-element chemistry of 
plagioclase and pyroxene to elucidate deposit genesis in the context of magma evolution 
in both reef-type deposits (e.g., Wilson et al., 1999; Mondal and Mathez, 2007) and 
contact-style low-sulfide deposits (Marma, 2002). Although some studies have used Sr 
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isotopic compositions of minerals, only two studies have looked at trace-element 
concentrations, and only in orthopyroxene in reef-type deposits (Wilson et al., 1999; 
Mondal and Mathez, 2007). None have looked at intra-crystal or textural variations of any 
of these minerals in detail.  
In this study, petrographic studies have been combined with detailed mineral chemical 
analyses, including in situ trace-element analyses by laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS), and geothermometric calculations, to evaluate 
the petrogenetic evolution of the gabbros that host the Marathon deposit in the context of 
the magmatic and fluid-rock interaction history as a framework for understanding the 
relationship of this evolution to the formation of the ore minerals.  
2.2 Geology 
2.2.1 Regional Geology 
The Proterozoic Coldwell alkaline complex, which is located on the northeast shore of 
Lake Superior, is a large, unmetamorphosed and undeformed composite intrusive body 
(Walker et al., 1993) emplaced at 1108 ± 1 Ma (Heaman and Machado, 1992). It is 
associated with the Mid-Continent Rift System, and was intruded into Archean 
metavolcanic, metasedimentry and granitic plutonic rocks. This sub-circular complex is 
the largest alkaline intrusion in North America (Walker et al., 1993) and has been 
subdivided into three intrusive centers (I, II, and III) (Currie, 1980; Mitchel and Platt, 
1982; Walker et al., 1993). Center I is the oldest intrusive phase and comprises syenite, 
syenodiorite, layered ferroaugite-amphibole syenite and a gabbroic unit (Eastern Gabbro), 
which hosts the Marathon deposit (Walker et al., 1993) (Fig. 2.1).  
2.2.2 Geology and Mineralization of the Two Duck Lake Gabbro 
At the Marathon deposit, at least three distinct rock series have been recognized on the 
basis of cross-cutting relationships, geochemistry, and petrographic characteristics (Good 
et al., 2015). The three series are: 1) metabasalt, 2) Layered Series, and 3) Marathon 
Series, and collectively comprise the Eastern Gabbro. Previous studies have proposed that 
all three phases are part of a single, large, layered intrusive complex, subdivided into 
upper, lower, and basal zones, and that the TDLG is the basal or contact phase (Good and 
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Crocket, 1994; Dahl et al., 2001). Recent studies and detailed mapping of exploration 
trenches, however, have revealed cross-cutting relationships between the three 
geochemically distinct units (Good et al., 2015).  The metabasalt was previously referred 
to as fine-grained gabbro unit (Good et al., 2015). 
The metabasalt is the oldest phase, occurs at the base of the Eastern Gabbro, and 
comprises basalt to picritic basalt. This is a homogeneous, equigranular phase comprising 
clinopyroxene, olivine, plagioclase and magnetite (Good et al., 2015).  The Layered 
Gabbro Series makes up the greatest proportion of the Eastern Gabbro and is composed of 
gabbro, olivine gabbro, troctolite, and anorthositic gabbro (Shaw and Penczak, 1996; 
McBride, 2007; Good et al., 2015).  This series is dominated by medium-grained gabbro, 
although coarse-grained varieties are also present, and comprises clinopyroxene, olivine, 
magnetite and plagioclase. Apatite is a common accessory mineral. Anorthosite blocks, 
up to a few metres in size, are also present as xenoliths in the Layered Gabbro Series.   
The Marathon Series is the latest intrusive gabbroic phase, and consists of the Two Duck 
Lake gabbro, an augite troctolite-wehrlite sill, and small pods of olivine clinopyroxenite 
and oxide melatroctolite (Good et al., 2015). The TDLG intruded the package of 
metabasalt below the Layered Series and just above the contact with Archean rocks.  The 
footwall in the vicinity of the Marathon deposit comprises Archean intermediate 
pyroclastic metavolcanic rocks. Due to heating by the Eastern Gabbro, the Archean 
footwall rocks have undergone partial melting and form what is referred to as 
rheomorphic intrusive breccia (RIB) (Currie, 1980; Good et al., 2015).   
The TDLG is the principal host rock to the Marathon mineralization and is distinguished 
from other gabbro types by cross-cutting relationships and textural features. It comprises 
varitextured, medium- to coarse-grained ophitic textured gabbro that in some places 
contains irregular pegmatitic patches and rounded pods, as well as xenoliths of metabasalt 
or Archean metavolcanics (Fig. 2.2). The pegmatitic zones have the same mineralogy as 
the rest of the TDLG and vary in size from tens of centimeters to three meters, with 
plagioclase and pyroxene grains that generally range up to 10 to 15 centimeters in length.  
The Marathon deposit comprises three mineralized zones that occur in sub-parallel lenses 
with different textural, mineralogical and geochemical characteristics.  The three zones 
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are the Footwall Zone, Main Zone, and W Horizon (Fig. 2.3). The Footwall Zone occurs 
at the base of the TDLG, at the contact with the Archean country rocks. The Main Zone 
occurs within the TDLG, above the Footwall Zone, and is the thickest and most 
continuous zone of mineralization. The W Horizon occurs closer to the upper contact of 
the TDLG with metabasalt than the Main Zone (Fig. 2.3). 
The Footwall Zone comprises semi-massive to net-textured magmatic sulfides, whereas 
sulfides in the Main Zone are disseminated and interstitial to the silicate phases 
(Watkinson and Ohnenstetter, 1992; Samson et al., 2008). The W Horizon also consists of 
disseminated sulfides, but is distinguished from the Main Zone by lower modal 
abundances of hydrous minerals, a different suite of PGM (Good et al., 2016), less 
pyrrhotite and appreciably more bornite, lower bulk S contents, and higher PGE grades 
(Good, 2010; Ruthart et al., 2010). In addition, the various mineralized zones have 
considerably different Cu/Pd ratios (Good, 2010) (Table 1-1 in Chapter 1). 
2.3 Sampling and Analytical Techniques 
Over 400 samples from 26 drill holes through the Marathon deposit and its host rocks 
were initially examined, as well as approximately 300 surface samples. These represent 
the three mineralized zones, un-mineralized parts of the TDLG (between different 
mineralized zones and above the W Horizon), rheomorphic breccia, and also Archean 
country rocks. Petrography was completed on 374 polished thin sections, with a 
representative subset of various lithologies, mineral textures, and styles of mineralization 
chosen for further, detailed mineralogical and geochemical studies.  
Quantitative chemical analyses were carried out using a Cameca Camebax MBX electron 
microprobe equipped with four wavelength dispersive X ray spectrometers (WDS) at the 
Department of Earth Sciences, Carleton University, Ottawa. Background correction was 
performed by careful selection of positions that avoided peak overlap; background was 
measured using half of the peak counting time on each side of the analyzed peak. The 
instrument was calibrated using well-characterized natural and synthetic minerals and 
compounds (Appendix 1). The analyses were conducted at 20 kV accelerating voltage, 20 
nA beam current, using a defocused 10 µm diameter beam for plagioclase and a focused 
(~2 to 3 µm) or rastered (~25 by 25 µm) diameter beam for pyroxene. Counting times 
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were 10 to 20 seconds or 40,000 accumulated counts. The accuracy of major and minor-
element analyses is better than 5% and 10% (1σ), respectively. The precision of analyses 
is better than 2% for major elements and 4% for minor elements using the relative 
standard deviation of different analyses of standards.  
Mineralogical and textural characteristics were determined using both transmitted- and 
reflected-light microscopy and scanning electron microscopy (SEM) on polished thin 
sections. Back-scattered electron (BSE) imaging and energy-dispersive X ray 
spectroscopy (EDS) analyses were performed using an FEI Quanta 200f field emission 
SEM fitted with an EDAX Si-Li detector at the Advanced Microscopy and Materials 
Characterization Facility at the University of Windsor. Cathodoluminescence (CL) 
images were acquired on the same instrument using a Centaurus CL detector with a 
standard spectral range of 300 to 650 nm. Typical operating parameters for EDS analyses 
of plagioclase and pyroxene were 15 and 20 kV accelerating voltage, respectively, 3.5 µm 
beam width on carbon-coated polished thin sections. A number of standard materials with 
known composition as well as minerals previously analyzed using electron microprobe 
were used to evaluate the accuracy and precision of EDS analyses. The results indicate 
that the accuracy and precision of analyses are better than 10% and 4%, respectively.   
In situ minor and trace-element analyses of plagioclase and pyroxene were obtained using 
laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). The 
instrument used was a ThermoElectron X Series II ICP-MS, coupled with a 130 
femtosecond pulse width, Ti:sapphire multi-pass regenerative amplifier laser system, in 
the Element and Heavy Isotope Analytical Laboratories, University of Windsor. The 
energy of the 785 nm (near infrared) laser focused onto the sample was about 30 µJ with 
constant crater size of 25 µm at an ablation rate of 5 to 10 µms-1. The instrument 
sensitivity optimization and data calibration were carried out using NIST 610 standard 
glass as the external calibration standard in line-scan mode. The acquisition time on NIST 
610 was 2 min; 60 s measuring the gas background and another 60 s measuring the signal 
during ablation of the standard. The acquisition time on samples varied between 2 and 6 
minutes, depending on the size of the crystal being analyzed. The gas background was 
measured in the first 60 s of each line scan, prior to initiation of ablation. The precision 
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(relative standard deviation) of all analyzed elements is estimated to be better than 10%, 
based on repeat analyses of the NIST 610 standard (cf. Shaheen et al., 2008).  
Reintegrated (bulk) analyses of exsolved pyroxene (the initial composition of 
clinopyroxene and pigeonite before exsolution) were obtained in two ways: point 
reintegration, using a defocused beam during electron microprobe analyses, for thin 
lamellae, and, for thicker lamellae, integration of LA-ICP-MS traverses across an entire 
crystal (both host and lamellae).  
2.4 Results 
2.4.1 Textural Characteristics of Minerals in the Two Duck Lake Gabbro 
The TDLG is coarse-grained to pegmatitic, and comprises plagioclase with variable 
amounts of olivine, Fe-Ti oxides and interstitial ophitic pyroxene (Fig. 2.2). Olivine 
occurs as both rims on plagioclase and as an interstitial phase between plagioclase 
crystals, suggesting that olivine crystallized either simultaneously with, or after, 
plagioclase (Fig. 2.4). Olivine is more common in the W Horizon than in the other two 
mineralized zones. Pyroxene occurs interstitially to plagioclase and olivine, or as rims on 
olivine (Fig. 2.4).  Iron-Ti oxide aggregates are dominated by magnetite with lesser 
ilmenite and mostly occur as an interstitial phase to the silicate minerals. Apatite, biotite, 
and amphibole are common accessory minerals. Hornblende and biotite occur in two 
textural settings. Euhedral, magmatic biotite and zoned hornblende occur in aggregates 
that also contain apatite, carbonate, epidote, titanite, and sulfides (chalcopyrite and 
bornite) (Fig. 2.5a, b). In these assemblages, carbonate, epidote and sulfides are 
interstitial to hornblende and biotite. At the edges of the aggregates, these mineral 
assemblages are interstitial to the anhydrous minerals of the surrounding gabbro. Within 
the aggregates, growth-zoned hornblende in particular has grown inwards from the edge 
of the aggregate. In one sample, granophyric intergrowths of quartz and alkali feldspar 
are associated with euhedral biotite and zoned hornblende (Fig. 2.5c, d), where the 
granophyric minerals are interstitial to, or enclose, euhedral hornblende (Fig. 2.5c, d). In 
this example, however, the other minerals associated with biotite and hornblende in the 
hydrous aggregates, are absent. These aggregates are interpreted to have crystallized from 
pockets of residual hydrous melts, and will be subsequently referred to as residual 
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hydrous melt aggregates. Homogeneous hornblende and biotite that show no evidence of 
zoning occur adjacent to interstitial sulfide minerals, both as coarse, euhedral crystals and 
as a replacement after clinopyroxene and plagioclase around sulfide mineral aggregates, 
mostly in the W Horizon (Fig. 2.5e, f). Localized moderate hydrothermal alteration is a 
common feature of the TDLG, especially in the Main and Footwall zones, and mainly 
occurs as the replacement of primary igneous minerals by amphibole, chlorite, biotite, 
and serpentine. These subsolidus secondary hydrous minerals replaced primary igneous 
minerals. This hydrothermal alteration is not pervasive, although the intensity of the 
alteration varies and is locally intense. Therefore, primary minerals and textures can be 
recognized in any given sample regardless of the alteration. Epidote and carbonate are 
also present as alteration minerals in some samples. A large proportion of these hydrous 
minerals are the alteration products of pyroxene, although they also replace plagioclase 
along grain boundaries and cleavage planes in samples where the alteration is relatively 
intense. Olivine is commonly partially to completely replaced by a mixture of fine-
grained chlorite, serpentine, and magnetite. 
Plagioclase is the most abundant silicate phase in the TDLG and occurs as cumulus 
euhedral to subhedral tabular prisms. The grain size is typically in the range of a few 
millimeters, but can be up to 10 to 15 centimeters in the pegmatitic parts. Plagioclase 
crystals are characterized by a variety of internal textures, including resorption 
(dissolution) surfaces, normal zoning, oscillatory zoning, and patchy zoning. Plagioclase 
crystals can be classified into four types based on the nature of zonation: 1) homogeneous 
crystals lacking zonation, 2) crystals showing normal zoning, with or without oscillatory 
zoning (Figs. 2.6a & 2.7a, b), 3) plagioclase crystals with resorption surfaces and 
overgrowths (Figs. 2.6b, c & 2.7c, d, e), and 4) crystals with replacement rims (Figs. 2.6d 
& 2.7f). Resorption textures are relatively common in TDLG plagioclase, and individual 
crystals can contain one or two internal resorption surfaces (i.e., two or three stages of 
plagioclase growth) (Fig. 2.7c, d). In some samples, oscillatory-zoned crystals show 
evidence of resorption and dissolution surfaces between zones. Overgrowth rims can 
either be Na- or Ca-rich compared to the core. In some cases, in rocks that contain sulfide 
minerals, the outermost resorption zone is Ca-rich (relative to the core; see later section 
on chemistry) and contains sulfide mineral inclusions (subsequently referred to as Ca-rich 
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resorption rim) (Figs. 2.6c & 2.7e). Cathodoluminescence (CL) imaging of the sulfide-
inclusion-rich rims show that they are not homogeneous overgrowths, but contain relicts 
of less calcic plagioclase (Fig. 2.8). Finally, plagioclase crystals with replacement rims 
occur in the vicinity of quartz-feldspar granophyre patches (Fig. 2.7f).  
Clinopyroxene is the second most abundant silicate mineral in the TDLG and occurs as a 
subhedral to anhedral interstitial phase to plagioclase and olivine in all of the mineralized 
zones. Orthopyroxene also occurs as an interstitial phase, is generally much less abundant 
than clinopyroxene, but in some rocks occurs in subequal proportions to clinopyroxene.  
Clinopyroxene oikocrysts can range up to several centimeters in diameter. Although 
pyroxene seems to be homogeneous at low magnification, as with plagioclase, textural 
variants with heterogeneous features are evident when viewed at higher magnification or 
with BSE imaging (Figs. 2.9 & 2.10). Heterogeneous pyroxene grains are more abundant 
than homogenous ones in the TDLG as a whole and in individual samples.  
There are four textural types of orthopyroxene: 1) homogeneous euhedral crystals (Figs. 
2.10a & 2.11), 2) crystals with clinopyroxene exsolution lamellae and blebs (Fig. 2.10d), 
3) homogeneous orthopyroxene rims on olivine and clinopyroxene (Fig. 2.12a) 
symplectic intergrowth of orthopyroxene with Fe-Ti oxides (either with or without 
clinopyroxene lamellae) (Fig. 2.12b, c, d, e, f). In the Main Zone, most euhedral, 
homogeneous orthopyroxene crystals occur in the vicinity of, or in contact with, 
plagioclase with Ca-rich resorption rims (Figs. 2.10a & 2.11). In addition, the rims of 
adjacent clinopyroxene crystals have been replaced by clinopyroxene with lower Al 
contents (Fig. 2.11). The W Horizon differs from the Main Zone in that, rather than the 
development of Al-poor clinopyroxene rims, clinopyroxene adjacent to Ca-rich resorption 
rims on plagioclase has been altered to hornblende (Fig. 2.5f), and euhedral 
orthopyroxene has not formed. Orthopyroxene crystals with clinopyroxene blebs and 
lamellae usually occur as small, irregularly shaped grains (<2 mm in diameter) that are 
surrounded by overgrowths of post-cumulus clinopyroxene with thick orthopyroxene 
lamellae (Figs. 2.9e & 2.10d). Orthopyroxene also occurs as reaction coronas surrounding 
olivine and clinopyroxene (Fig. 2.12a). In most samples, the orthopyroxene in these 
coronas is homogeneous (lacks clinopyroxene lamellae), and can extend away from the 
core olivine or clinopyroxene crystal, mantle surrounding plagioclase crystals, and even 
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occur as the interstitial phase. In a few cases, where the orthopyroxene is altered, 
clinopyroxene lamellae are present. In some samples, it is clear that core olivine has been 
resorbed and the corona represents a reaction rim (Fig. 2.12e). In all samples in which 
coronas have been observed, the orthopyroxene also occurs as a symplectic intergrowth 
with Fe-Ti oxides, usually in contact with olivine (Fig. 2.12b, c, d). The relative 
abundance of orthopyroxene versus orthopyroxene-oxide symplectite coronas varies from 
sample to sample, but the latter can represent all coronas in a sample.  The size of the 
symplectite lamellae, both Fe-Ti oxides and orthopyroxene, decreases toward the olivine 
contact (Fig. 2.12f). In some examples, the symplectite intergrowth occurs as an 
interstitial phase to plagioclase and clinopyroxene and is not in contact with olivine, 
although olivine is always present in the section.  
Textural variants of clinopyroxene comprise: 1) homogeneous clinopyroxene with or 
without Fe-Ti oxides inclusions (Figs. 2.9a, b & 2.10b, c), 2) clinopyroxene with 
orthopyroxene lamellae  (Figs. 2.9c, e, f & 2.10c, d, e, f, g), and 3) homogeneous 
clinopyroxene with biotite patches that occurs as replacement rims around the first two 
types (Figs. 2.9e, f & 2.10e, g, h). Clinopyroxene with orthopyroxene lamellae (type 2) 
can occur as interstitial crystals (Fig. 2.10g), as overgrowth rims on resorbed 
orthopyroxene (Fig. 2.10d), or as replacement rims on earlier crystals (Fig. 2.10c & f). In 
the latter, the lamellae, but not the host clinopyroxene, are partially to completely altered 
to actinolite and chlorite, and the lamellae are generally thinner than in the other two 
types. For all three subtypes, the thickness and spacing of lamellae vary between crystals 
in the same sample and within individual crystals (Fig. 2.13). The distance between thick 
lamellae is consistently greater than the distance between thin lamellae. The 
clinopyroxene in the overgrowth is epitaxial in that it shows optical continuity with the 
clinopyroxene exsolution lamellae within the orthopyroxene. The overgrowth rims have a 
sharp, rounded boundary with the pre-existing crystals (Fig. 2.10d). 
Replacement textures are distinguished from overgrowth rims by having a more irregular 
distribution, characterized by a diffuse, ragged boundary with the central pyroxene. In 
addition, the replacement phase is distributed along cracks and around inclusions of other 
minerals within the clinopyroxene (Fig. 2.10f & g). The boundary with the pre-existing 
crystal that has been replaced is irregular and jagged. As described above, these 
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replacement pyroxenes can be classified into two types: 1) clinopyroxene with 
orthopyroxene lamellae (Figs. 2.9c, & 2.10c, f), and 2) homogeneous clinopyroxene that 
contain patches of biotite (Figs. 2.9e, f & 2.10e, g, h). Where clinopyroxene contains 
biotite patches, clinopyroxene around those patches in contact with biotite looks lighter 
than other parts of the clinopyroxene. The variety that contains orthopyroxene lamellae 
has only been seen to replace originally homogeneous clinopyroxene (± Fe-Ti oxide 
inclusions) (Figs. 2.9c, & 2.10c, f), whereas the homogenous variety can replace any of 
the magmatic pyroxene varieties. In some samples, the replacement variety with 
orthopyroxene lamellae is replaced by the homogeneous variety with biotite patches and 
therefore represents a later event (Fig. 2.10e).  In many samples, the later, homogeneous 
variety has been subsequently altered to actinolite ± chlorite, and a continuum exists from 
an original magmatic pyroxene through the alteration pyroxene with biotite to a hydrous 
alteration assemblage (Figs. 2.10e and 2.14e). 
Iron-Ti oxides in the TDLG can be classified into three types: 1) composite magnetite-
ilmenite aggregates interstitial to silicate minerals, 2) symplectic intergrowth of 
magnetite-ilmenite with orthopyroxene, and 3) magnetite as replacement of chalcopyrite. 
The first two types of magnetite contain exsolution lamellae of ilmenite. Magnetite 
crystals vary in size and abundance, from a few micrometers to a few millimeters, and 
from 0 to 10%, respectively. The first two types of magnetite contain two types of Ti-Fe 
oxide lamellae with various orientations: thick and very thin lamellae. The thick lamellae 
are ilmenite, however, due to the small size of the latter type, obtaining a representative 
analysis has not been possible and they could be either ilmenite or ulvospinel. As noted 
above, symplectic intergrowths of Fe-Ti oxides with orthopyroxene mostly occur in 
contact with olivine.  
Apatite mostly occurs as euhedral to subhedral acicular and tabular prisms, and as 
anhedral crystals hosted by both altered and un-altered minerals.  
Sulfide minerals either occur disseminated through the gabbros or as massive to semi-
massive accumulations; and consist of chalcopyrite, pyrrhotite, bornite, minor 
pentlandite, and accessory pyrite and cubanite (Fig. 2.14). The Footwall Zone comprises 
massive to semi-massive sulfide aggregates (pyrrhotite with minor chalcopyrite (± 
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cubanite exsolution lamellae), pentlandite, and pyrite) that enclose crystals and aggregates 
of plagioclase and clinopyroxene. In the Main Zone, interstitial disseminated sulfide 
minerals comprise chalcopyrite (± cubanite exsolution lamellae), pyrrhotite ± pentlandite, 
pyrite and marcasite. In some aggregates, chalcopyrite shares equilibrium boundaries with 
pyrrhotite. Much of the chalcopyrite in the Main Zone, however, exhibits disequilibrium 
textures in which anhedral, ragged pyrrhotite grains occur within chalcopyrite. The 
adjacent pyrrhotite grains in the matrix of chalcopyrite show optical continuity, indicating 
that they were once one large crystal that has been replaced by chalcopyrite. This 
secondary chalcopyrite is intergrown with hydrous silicate minerals and occurs either as 
interstitial, fine-grained disseminated crystals within fibrous amphibole-chlorite 
assemblages, or as larger disseminated grains in the center of alteration patches. In both 
the Footwall and Main Zones, sulfide minerals have replaced pyroxene lamellae in 
samples in which silicate minerals have been mostly altered. Sulfide minerals in the W 
Horizon (the highest stratigraphic zone) are characterized by disseminated chalcopyrite (± 
cubanite lamellae), bornite ± pyrrhotite, pentlandite, digenite, and pyrite. Bornite can 
occur as irregular patches in chalcopyrite but is mostly represented by flame-like 
exsolution lamellae within chalcopyrite. Sulfide minerals in the W Horizon always occur 
in association with biotite and hornblende, both as interstitial coarse crystals and as an 
interstitial phase in the residual hydrous melt aggregates. 
Sulfides in the Main Zone and W Horizon share some similarities. Chalcopyrite is the 
abundant sulfide and cubanite occurs as bands and lamellae in chalcopyrite. It is common 
for chalcopyrite and pyrrhotite to occur along cleavage/twin planes in plagioclase, either 
adjacent to interstitial sulfide or where there is no adjacent interstitial sulfide. Sulfide 
mineral inclusions occur disseminated through unaltered pyroxene in many samples. 
These inclusions are invariably rounded and have sharp, equilibrium boundaries with the 
host pyroxene. In most samples, these sulfide inclusions occur in all varieties of pyroxene 
and are absent from apatite, plagioclase, and olivine. Clinopyroxene can contain abundant 
and large to small inclusions, whereas orthopyroxene with lamellae contains only a few 
small inclusions. As described above, however, Ca-rich plagioclase resorption rims 
contain abundant sulfide inclusions. These comprise mostly chalcopyrite with lesser 
bornite (W Horizon) and pyrrhotite (Main Zone). Sulfide minerals, mostly chalcopyrite, 
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also occur along cracks and cleavage planes in plagioclase. These two mineralized zones, 
however, have some distinct differences. Bornite is rare in the Main Zone, whereas it is 
very common in the W Horizon. The presence of pyrrhotite and replacement of pyrrhotite 
by chalcopyrite is a significant texture in the Main Zone whereas it is rare to find 
pyrrhotite in the W Horizon.  
2.4.2 Comparisons of Textures in Different Mineralized Zones 
Although some textural variants of plagioclase and pyroxene occur in all mineralized 
zones, some are not homogeneously distributed through the TDLG and their abundance 
differs between the various mineralized zones (Table 2-1 and Fig. 2.15). For plagioclase, 
crystals with oscillatory zoning and dissolution surfaces are more common in the W 
Horizon. Plagioclase with Ca-rich resorption rims (Figs. 2.7e & 2.16a) occur in both the 
Main Zone and W Horizon, although it is more abundant in the W Horizon.  
Clinopyroxene with orthopyroxene lamellae is more common in the Footwall and Main 
Zones, although some samples from the W Horizon also contain this textural type. 
Homogeneous clinopyroxene and clinopyroxene with Fe-Ti oxide-rich cores, however, 
are more common in the W Horizon. Orthopyroxene with clinopyroxene lamellae only 
occur in the Footwall and Main Zones. Clinopyroxene with thin orthopyroxene lamellae 
is common in highly altered samples, mostly in the vicinity of rheomorphic breccia and 
therefore is most abundant in the Footwall Zone. The homogeneous replacement 
clinopyroxene with patches of biotite occurs in both the Main Zone and W Horizon, but is 
more abundant in the latter, where it occurs in most samples. Symplectite orthopyroxene 
is also more abundant in the W Horizon compared to the other zones.  
Secondary (replacement) hydrous minerals are more abundant in the Footwall and Main 
zones than the W Horizon, whereas the W Horizon has a higher proportion of primary 
hydrous minerals (hornblende and biotite) (Fig. 2.5a, e).    
Sulfide minerals occur as dispersed inclusions within all types of pyroxene, including 
symplectite orthopyroxene-Fe-Ti oxide intergrowths (Fig. 2.16b, c) in all mineralized 
zones. In the latter, the sulfides are rimmed by Fe-Ti oxides within the symplectite, 
demonstrating that the symplectite grew around pre-existing sulfide minerals (Fig. 2.14f). 
No consistent relationship between sulfide minerals and the various textural types of 
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pyroxene was observed. The size of the inclusions, however, varies. In the Footwall and 
Main Zones, but not the W Horizon, sulfide minerals also occur as inclusion trails along 
cracks (Fig. 2.16e) and have replaced exsolution lamellae within partially altered 
pyroxene (Fig. 2.16d). In the Footwall and Main Zones, and to a lesser extent in the W 
Horizon, sulfide minerals are also commonly intergrown with hydrous minerals that have 
altered pyroxene (Fig. 2.14e). In contrast, in the W Horizon, sulfide minerals are always 
associated with biotite and hornblende. 
2.4.3 Mineral Chemistry 
Plagioclase 
A subset of plagioclase compositions from mineralized and unmineralized zones are 
reported in Tables 2-2 and 2-3. The anorthite content of plagioclase in the TDLG varies 
over a wide range, from An15 to An74 (Fig. 2.17). The oscillatory zoned plagioclase 
alternates between more calcic and more sodic compositions, however, the general trend 
from core to rim is decreasing An toward the rim, i.e., normal zoning. In approximately 
three quarters of the crystals with post-resorption rims that were analyzed, the rims have a 
higher An content (An46-74) than the earlier stage of crystallization (An41-64). In contrast, 
replacement rims in the vicinity of granophyre patches have lower An contents (An33-50) 
compared to the magmatic plagioclase that was replaced (An60-75) (Fig. 2.17). Of the 
minor elements analyzed by electron microprobe (Table 2-2), only Fe shows a correlation 
with An content. In general, concentrations of Fe increase with An content, although there 
is significant scatter for a given XAn (Fig. 2.18).  
Trace-element analyses of plagioclase by LA-ICP-MS (Table 2-3) show that only the rare 
earth elements (REE), Fe, Ba, Sr, S, Ni, Cu, Ti, and Pb exhibit distinct differences in 
concentration between different zones in individual crystals; other elements either show 
no variation, or the variation is less than the precision of the analytical method. Post-
resorption overgrowths, in addition to having different An contents from the pre-
resorption crystals, have different Fe, Sr, Ba, and Ti contents. These elements can show 
either positive or negative correlation with An content across the resorption surfaces (Fig. 
2.19). All plagioclase crystals have a distinct positive Eu anomaly on a chondrite-
normalized REE plot (Fig. 2.20). Most magmatic plagioclase crystals with normal and/or 
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oscillatory zoning show an increase in the concentration of REE (ΣREE) from core to rim 
and a decrease in the magnitude of the Eu anomaly (Eu/Eu*) (Fig. 2.21a). Post-resorption 
overgrowths can either have higher or lower ΣREE and Eu/Eu* than cores or earlier post-
resorption overgrowths (Fig. 2.21b).  
The Ca-rich plagioclase resorption rims that contain sulfide mineral inclusions have 
higher An contents than the cores that they surround, and have higher S, Ni, Cu, Pb, and 
LREE and lower Ti concentrations than all of the other plagioclase types, including the 
cores of these crystals (Figs. 2.22 & 2.23). The LA-ICP-MS spectra show that Cu and 
other metals co-vary with Ca, except for a few sharp peaks that can be related to the 
sulfide mineral inclusions, and which were removed during data reduction (Fig. 2.24). 
The sodic replacement rims adjacent to granophyre patches have higher Pb and lower Ti 
contents than other plagioclase types, but concentrations are lower that the resorption 
rims with sulfide mineral blebs (Fig. 2.22). 
Pyroxene 
Clinopyroxene crystals with different textures have similar compositions, including those 
with and without exsolution lamellae, and cluster near the diopside-augite join with an 
average composition of Wo43En38Fs19. Clinopyroxene from the Footwall Zone, however, 
generally has higher Fe and lower Mg and Ca compared to the other two mineralized 
zones (Table 2-4, Fig. 2.25).  In addition, clinopyroxene crystals that are directly 
associated with massive sulfide in the Footwall Zone contain significantly higher Fe 
contents, such that most fall in the hedenbergite field (Table 2-4, Fig. 2.25). These 
clinopyroxene grains (hedenbergite) are green in plane-polarized light, whereas crystals 
in other zones are colourless to light brown. Although they have similar major-element 
chemistry, clinopyroxene crystals that contain orthopyroxene lamellae generally have 
higher Al and Ti contents than clinopyroxene crystals without lamellae. Orthopyroxene 
compositions exhibit variation in both En content from En40 to En71 and Wo content from 
Wo0 to Wo5 (Table 2-4 and Fig. 2.25). Orthopyroxene crystals with clinopyroxene 
lamellae and orthopyroxene lamellae within clinopyroxene have a similar composition 
range. Orthopyroxene rimming olivine usually occurs as symplectic intergrowths with Fe-
Ti oxides, and overall has a higher Mg content than other textural types of orthopyroxene 
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(Fig. 2.25). The exception is the euhedral orthopyroxene crystals, which have 
compositions that partly overlap with the symplectite, although they still have a lower 
average Mg number (Fig. 2.25). These euhedral orthopyroxene, however, have higher Ca 
contents (%Wo) than symplectic orthopyroxene (Fig. 2.25).  
A subset of LA-ICP-MS trace-element data for clinopyroxene and orthopyroxene are 
reported in Table 2-5. Orthopyroxene has a depleted light-REE pattern, whereas 
clinopyroxene shows an enriched light-REE pattern; both types have negative Eu 
anomalies (Fig. 2.26a). Clinopyroxene contains higher concentrations of Al, Ti, Na, Sc, 
V, and Sr, and lower Mn, Co, than orthopyroxene (Fig. 2.27). Clinopyroxene and 
orthopyroxene from the Footwall Zone have higher Mn and lower Na, Mg, Al, Ni, Co, 
Sc, and V than the Main Zone and W Horizon (Fig. 2.28). Homogeneous replacement 
clinopyroxene has lower Al contents than the pyroxene that has been replaced (either 
homogeneous or with orthopyroxene lamellae).  
2.4.4 Pyroxene Thermometry 
Most studies that have applied pyroxene thermometry to igneous rocks have used the 
two-pyroxene thermometer, however, given that both ortho- and clinopyroxene are not 
always present and because clinopyroxene stability in mafic rocks strongly depends on 
pressure, single-clinopyroxene thermometry has also been used in a few studies (Yavuz, 
2013). The single-clinopyroxene thermometer of Putirka (2008) has been used in this 
study to calculate the temperatures of clinopyroxene crystallization. Putirka (2008) 
recalibrated the Nimis and Taylor (2000) activity model, which is an enstatite-in-Cpx 
thermometer, and proposed a new single-clinopyroxene thermometer with improved 
precision (±10 to 20 °C).  A Microsoft Visual Basic program, WinPyrox (Yavuz, 2013), 
which includes a number of geothermometers and geobarometers, including Putirka 
(2008), has been used to calculate equilibrium temperatures.  
The Putrika (2008) thermometer was applied to three types of clinopyroxene crystals; 
clinopyroxene with orthopyroxene lamellae, clinopyroxene without lamellae, and 
clinopyroxene lamellae, and overall yields a crystallization temperature range of 1114 to 
1145 °C (Table 2.6). Within this range, clinopyroxene without exsolution lamellae yields 
higher temperatures (1130 to 1145 °C), whereas clinopyroxene with orthopyroxene 
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lamellae and clinopyroxene lamellae show similar ranges of 1114 to 1141 °C (Fig. 2.29). 
Given that orthopyroxene lamellae have been exsolved from a homogeneous 
clinopyroxene, the conditions of crystallization of the original crystals prior to exsolution 
will have been different from those determined from the clinopyroxene after exsolution. 
Therefore, in order to determine the initial composition of clinopyroxene before 
exsolution, reintegrated bulk analyses of clinopyroxene with orthopyroxene exsolution 
lamellae were conducted using a defocused beam in the electron microprobe and by LA-
ICP-MS traverses across the crystals. Application of the single-clinopyroxene 
thermometer to these reintegrated bulk analyses yields higher temperature estimates 
(1131 to 1168 °C with an average of 1149 °C) than for the clinopyroxene after exsolution. 
The single-clinopyroxene thermometry shows that clinopyroxene from the Footwall Zone 
crystallized at lower temperature ranges compared to the Main Zone and W Horizon (Fig. 
2.30). The Main Zone and W Horizon exhibit similar temperature ranges, although the 
average crystallization temperature in the Main Zone is, respectively, higher than the W 
Horizon (Fig. 2.30). 
2.5 Discussion 
2.5.1 Implications of Mineral Textures and Chemistry for Magma Dynamics 
Many studies of magmatic Cu-Ni-(PGE) deposits have proposed that mineralization 
formed in conduit systems and have, as is required by the model, experienced repeated 
magma input.  These include Voisey’s Bay (Li and Naldrett, 1999; Ripley and Li, 2011), 
the Partridge River Intrusion (Thériault et al., 2000; Ripley et al., 2007), the Eagle 
Deposit (Ripley and Li, 2011; Ding et al., 2012), Norilsk (Naldrett, 1992; Arndt et al., 
2003), and the South Kawishiwi Intrusion (Gál et al., 2011; Gál et al., 2013). Good et al. 
(2015) also proposed a conduit model for the Marathon deposit, based on the 
relationships among, and spatial distribution of, metal ratios. Earlier studies had proposed 
a number of magmatic models for Marathon, many of which suggested that the 
heterogeneity of the Eastern Gabbro resulted from multiple intrusive pulses (Good & 
Crocket, 1994; Dahl et al., 2001). Also, it has been proposed that fluid infiltration was 
important in determining the character and distribution of the mineralization (Watkinson 
and Ohnenstetter, 1992; Samson et al., 2008). Subsequent to some of these studies, the W 
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Horizon mineralization, which was discovered in 2004, was found to have different 
sulfide assemblages and mineralization grade (higher Pd tenor and much lower Cu/Pd) 
from the other two mineralized zones (Ruthart et al., 2010; Good et al., 2015; Ames et al., 
2016). Despite these differences in metal characteristics, the TDLG in the W Horizon has 
similar bulk textural and geochemical characteristics to the TDLG in the other two zones. 
Although the studies of Ruthart et al. (2010), Ruthart (2013), and Good (2010) provided 
evidence for PGE upgrading by multiple intrusive events during formation of the W 
Horizon mineralization, the host rock to this mineralization has not been characterized 
texturally to the extent that the other parts of the TDLG have been.  
For example, there is little field textural evidence for the presence of the proposed late-
stage, S-undersaturated magma required by the multistage upgrading model. Therefore, 
questions remain regarding the evolution of the various parts of the system, i.e., the 
different mineralized zones, whether the putative magma interaction and, to some extent, 
fluid influx is reflected in mineral textures and chemistry, and how these processes 
differed between the mineralized zones.  
(1) Do the various zones represent crystallization from a single magma or do they 
represent successive pulses of magma from a chamber undergoing fractional 
crystallization? 
Although some crystals of plagioclase in the TDLG show normal zoning, it is common 
to find evidence of disequilibrium and resorption, which requires interaction of early-
formed crystals with new magma that was out of equilibrium with existing crystals 
(Fig. 2.7c, d, e). Magma dynamics, as recorded by plagioclase crystals, has been 
discussed in numerous studies (Ginibre et al., 2002a; Ginibre et al., 2002b; Perugini et 
al., 2005; Browne et al., 2006; Ginibre et al., 2007; Ruprecht and Wörner, 2007). For 
example, co-variance of trace element concentrations (e.g., Fe, Mg, Ba, Ti, Sr) with 
An content, in addition to resorption surfaces, has been interpreted as evidence for 
magma recharge (Browne et al., 2006; Ginibre et al., 2002; Ginibre et al., 2007; 
Ginibre and Wörner, 2007).  
Open system processes have also been implicated by textural and compositional 
changes in pyroxene in a number of studies (Streck, 2008; Jankovics et al., 2012; 
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Elardo and Shearer, 2014; Tanner et al., 2014). For example, reverse and oscillatory 
zoning with resorption textures and distinct differences in both Mg/Fe and trace 
element concentrations, such as Cr, Ti, Al, and Mn, have been interpreted as signs of 
magma recharge and post-recharge crystallization (Streck, 2008; Elardo and Shearer, 
2014).  
The only mineral textural inhomogeneity previously recognized in the TDLG was the 
presence of the Ca-rich rims on some resorbed plagioclase crystals (Good and Crocket, 
1994).  The other types of plagioclase textures described in this study have not been 
reported previously. In addition, pyroxene crystals were thought to be un-zoned (Good 
and Crocket, 1994). There are several lines of evidence that indicate repeated influx of 
new magma during the evolution of the TDLG, and that these magma batches either 
came from a reservoir undergoing fractional crystallization at depth or from different 
magma chambers.  
The An content and concentrations of trace elements, such as Fe, Sr, and Ba in 
plagioclase, change significantly across resorption surfaces (Fig. 2.19), in which both 
An content and trace element concentrations may increase or decrease. These 
observations indicate the early crystals interacted with a new magma, with which these 
crystals were out of chemical equilibrium. This is analogous to the study of Ruprecht 
and Wörner (2007) in which trace-element variations in zoned plagioclase crystals in 
the El Misti stratovolcano were used to distinguish between the effects of closed-
system heat transfer and decompression, versus open-system recharge and mixing. 
These authors interpreted resorption surfaces across which there was no change in Fe 
and other trace element contents to have formed from thermal perturbations, whereas 
surfaces across which trace element contents changed were interpreted to have resulted 
from magma recharge and mixing. In the case of thermal perturbations, An content 
may or may not change, but where recharge occurred, the An content changed. At 
Marathon, overgrowths with lower An contents and lower compatible element 
concentrations (e.g., Sr) than cores are consistent with new magma that was more 
evolved, and could have been derived from the same magma chamber from which the 
cores crystallized, but which was undergoing fractional crystallization. Those that 
show an increase in An content, along with trace-element changes (either increase or 
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decrease), however, could not have crystallized from a magma that was derived from 
the same fractionally crystallizing magma chamber, requiring recharge from a different 
magma chamber than that from which the cores crystallized. A similar argument 
applies to overgrowths with lower An contents but which have higher Sr or Fe than the 
cores.  
Plagioclase crystals that have grown in a single gabbroic magma would show an 
increase in REE (except Eu) and a decrease in the magnitude of the Eu anomaly with 
time. This is because, with the exception of Eu, other REE behave incompatibly with 
respect to plagioclase and other minerals crystallizing from a gabbroic melt, which 
would result in a relative increase of REE contents in the residual melt. This can also 
be explained by decreasing An content, partition coefficients for the trivalent REE and 
Eu, increase and decrease, respectively (Bédard, 2006; Ren et al., 2003) (Fig. 2.21c). 
The variations in REE from core to rim in plagioclase grains from the TDLG showing 
normal or oscillatory zoning, and which do not show any textural evidence of 
resorption, are consistent with normal crystallization (Fig. 2.21a). Plagioclase crystals 
showing evidence of resorption, however, exhibit different trends in both La 
concentration and Eu/Eu*, either of which can increase or decrease from the resorbed 
early crystal to one of the overgrowth phases, or from one stage of post-resorption 
overgrowth to a later post-resorption overgrowth (Fig. 2.21b). An increase in Eu/Eu* 
and a decrease in La can be explained by the influx of new, more primitive magma, 
whereas a decrease in both Eu/Eu* and La can be attributed to the crystallization of 
apatite (Fig. 2.21c). Most of the plagioclase with Ca-rich resorption rims, however, 
exhibits a different trend, in which both La and Eu/Eu* increase (dashed purple arrows 
in Fig. 2.21b). These rims are, however, not true overgrowths because they are not 
homogeneous and contain relicts of Na-rich plagioclase (Fig. 2.8b). Rather, they likely 
formed as a result of two simultaneous processes. The existing crystals interacted with 
a new melt that caused resorption. At the same time, diffusion resulted in chemical 
modification of the resorbed rim to a more calcic composition and higher 
concentrations of S, Ni, Cu, and Pb (Fig. 2.22). The elevated base metals and sulfur 
contents of the calcic rims may reflect the presence of nano-inclusions that cannot be 
recognized in the LA-ICP-MS spectra, however, regardless of their speciation, these 
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elevated concentrations characterize the resorbed rims and reflect addition of metals 
and sulfur during their formation, consistent with the presence of sulfide melt. These 
characteristics as well as the higher La and Eu/Eu* in these rims must represent input 
of a magma with a very different composition than that from which the original 
plagioclase crystallized, and which included a sulfide melt.  As temperature has little 
or no effect on plagioclase/melt partition coefficients for trivalent REE (Drake, 1975; 
Bindeman and Davis, 2000; Laubier et al., 2014), the observed differences in REE 
between plagioclase cores and the Ca-rich rims cannot reflect a difference in 
temperature for the new magma(s). Therefore, input of a new magma with different 
chemistry must have occurred. The resorption, higher Eu/Eu*, and distinctly different 
metal contents in the rims require this magma to have come from a different magma 
chamber.   
The textures and chemistry of pyroxene also provide evidence for a dynamic magmatic 
system at Marathon. The orthopyroxene crystals with clinopyroxene exsolution blebs 
and lamellae are most likely inverted pigeonite (Fig. 2.10d). In plutonic rocks, two 
types of orthopyroxene with clinopyroxene lamellae can form. Slow cooling of 
orthopyroxene crystals results in exsolution of fine clinopyroxene lamellae (diopside-
hedenbergite) that lie parallel to (100) (Poldervaart and Hess, 1951). Pigeonite, a low-
Ca clinopyroxene, however, exsolves coarse augite lamellae parallel to (001), and 
subsequently inverts to orthopyroxene, which is referred to as inverted pigeonite 
(Poldervaart and Hess, 1951; Gruenewaldt and Weber-Diefenbach, 1977). Upon 
inversion, exsolution lamellae also form parallel to relict pigeonite twin planes 
(Poldervaart and Hess, 1951). Augite lamellae within inverted pigeonite are thicker 
and more widely spaced than clinopyroxene exsolusion lamellae within orthopyroxene 
(Poldervaart and Hess, 1951), consistent with the nature of clinopyroxene lamellae in 
orthopyroxene at Marathon. At Marathon, the inverted pigeonite has been resorbed and 
overgrown by clinopyroxene with orthopyroxene lamellae (Fig. 2.10d), indicating 
infiltration of new magma that was out of equilibrium with the early-crystallized 
pigeonite.  
In basaltic melts, mineral-melt partition coefficients for clinopyroxene, orthopyroxene, 
and olivine are higher for heavy REE (HREE) than light REE (LREE) (Fig. 2.26b). 
 38 
Therefore, crystallization of pyroxene from a basaltic melt would result in HREE-
enriched pyroxene. Orthopyroxene from the TDLG has a depleted light-REE pattern 
and a negative Eu anomaly, consistent with REE partition coefficients for basaltic 
melts (Fig. 2.26a). Clinopyroxene, however, shows an enriched light-REE pattern that 
is contrary to the pattern expected from the partition coefficients (Fig. 2.26a), 
indicating that clinopyroxene cannot have crystallized from the same melt as 
orthopyroxene. As clinopyroxene crystallized after orthopyroxene, fractional 
crystallization of orthopyroxene could have depleted the magma in HREE in absolute 
terms, and relative to the LREE, allowing later crystallization of clinopyroxene from a 
LREE-enriched magma. Because the abundance of orthopyroxene in the TDLG is very 
low, this cannot have happened at the crustal level of the TDLG. Neither is it likely to 
have occurred at depth. Given that the HREE partition coefficients for clinopyroxene 
and orthopyroxene are similar, crystallization of clinopyroxene from a HREE-depleted 
melt should have resulted in clinopyroxene with lower HREE contents than the 
orthopyroxene, whereas they are in fact similar (Fig. 2.26a). Therefore, as was 
concluded from the plagioclase data, late magmas that infiltrated the TDLG system 
came from a different magma chamber than the magmas from which the early-formed 
plagioclase and orthopyroxene crystallized. Infiltration of late, LREE-enriched 
magmas is indicated by the LREE-rich character of both the clinopyroxene and calcic 
plagioclase rims containing sulfide mineral inclusions (Fig. 2.23). The origin of the 
latter is discussed further below. 
Orthopyroxene also occurs as coronas around olivine, which are typical of olivine-
bearing gabbros, and have been commonly explained to be the result of the reaction of 
olivine with residual, more silicic, liquid and partial dissolution of olivine (olivine + 
SiO2 → orthopyroxene) (Daval, 1987; de Haas et al., 2002; Holness et al., 2011; 
Efimov and Malitch, 2012). Because the coronas in the TDLG always also have 
symplectic intergrowths with Fe-Ti oxides, however, models that also explain this 
texture have to be considered. Several mechanisms have been suggested for the 
formation of such symplectites. Garrison and Taylor (1981) suggested cotectic co-
precipitation of orthopyroxene and Fe-oxide.  The evidence for this model is: 1) 
symplectic intergrowths occur within the cores of large orthopyroxene crystals, far 
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from olivine, 2) symplectic Fe-oxides have similar compositions to interstitial oxides, 
and 3) the width of symplectic oxide becomes narrower close to the olivine boundary. 
Another, similar, suggested mechanism is simultaneous magmatic crystallization, in 
which the oxide minerals crystallized at a faster rate than orthopyroxene (Daval, 
1987). The basis for this model is the coexistence of granular and symplectic oxides 
with similar chemical compositions and internal exsolution textures, making the 
subsolidus-oxidation and recrystallization model (see below) unlikely. There is, 
however, no role for olivine in the proposed model of Daval (1987). Efimov and 
Malitch (2012) suggested that the occurrence of orthopyroxene – Fe-Ti-oxide 
symplectite resulted from the oxidation of olivine (olivine + O2 → enstatite + 
magnetite). They reported that the formation of symplectite was governed by oxygen 
fugacity, where the reaction was driven by an increase in the oxygen fugacity to above 
the QFM buffer, most likely as a result of water dissociation.  
In the TDLG, the following features support formation of the symplectite coronas 
through magmatic co-crystallization of orthopyroxene and Fe-oxide, which in places 
involved reaction with olivine. First, if the oxidation model applies, the symplectite 
should be restricted to the vicinity of the original olivine grain.  Rather, the symplectite 
generally extends well away from olivine and can occur as an interstitial phase and as 
rims on plagioclase. In addition, the orthopyroxene coronas do not always contain 
symplectite, which is required by the oxidation reaction. Second, where in contact with 
olivine, the nature of the intergrowth changes with increasing distance from the olivine 
contact, whereby the intergrowths are fine grained immediately adjacent to the olivine, 
become coarser with increasing distance, and ultimately grade into coarse interstitial 
Fe-Ti oxides. This suggests rapid initial co-precipitation, and that the reaction with 
olivine caused nucleation of the orthopyroxene-Fe-Ti oxide intergrowth from a 
supersaturated melt. Reaction with olivine is indicated by irregular and embayed 
olivine-orthopyroxene contacts. These coronas post-date clinopyroxene growth and 
must have formed by infiltration of a late-stage melt that was out of equilibrium with 
the pre-existing mafic minerals. This is also consistent with the higher Mg# of the 
corona orthopyroxene compared to all other types of orthopyroxene. 
 (2) What was the timing of the fluid-rock or fluid-melt interaction event(s) relative to 
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mineralization?  
Significant evidence for fluid-rock (or fluid-melt) interaction in the genesis of the 
Marathon deposit has been previously reported (Watkinson & Jones, 1996; Watkinson 
& Ohnenstetter, 1992). The common occurrence of PGM in or adjacent to 
postcumulus sulfide minerals, mainly chalcopyrite, the existence of various degrees of 
alteration, the association of PGM with hydrous minerals, and observation of zoning in 
minerals, such as hollingworthite [(Rh,Pt,Pd)AsS] (Ohnenstetter et al., 1991), led 
Watkinson and Ohnenstetter (1992) to suggest that PGM deposition resulted from 
hydrothermal processes at relatively low temperatures. Watkinson and Jones (1996), in 
a study of fluid inclusions from the TDLG, also suggested that PGE remobilization by 
saline fluids occurred. The pegmatitic features of the TDLG and the relationship of the 
PGM with coarse-grained to pegmatitic textures has also been suggested as evidence 
for the interaction of primary magmatic mineral assemblages with hydrous fluids 
derived from both the magma and the breakdown of Archean metavolcanic country 
rocks (Watkinson & Ohnenstetter, 1992; Dahl et al., 2001). Barrie et al. (2002) 
proposed a zone refining model for the Main Zone at Marathon, which involved fluid 
fluxing through cumulate and sulfide minerals under hyper-solidus conditions. Their 
suggestion was based on a variety of features, including pegmatitic textures, spatial 
decoupling of Pd and Cu from sulfur, and primary magmatic sulfide replacement by 
hydrous phases. 
The Ca-rich resorption rims on plagioclase are tied to the introduction of sulfide melt, 
which is also reflected by their higher S, Ni, Cu, and Pb, and lower Ti contents 
compared to earlier plagioclase (Fig. 2.22). As explained above, these are thought to 
have formed through resorption by, and diffusional equilibration with, a late-stage 
melt. It is unlikely that this late-stage melt only comprised a sulfide phase because the 
formation of Ca-rich plagioclase requires a source of Ca and Al, and the melt must 
have been a sink for Na and Si. Furthermore, the presence of hornblende and biotite 
associated with these Ca-rich rims (Fig. 2.5e, f) indicates that Ca, Al, K, and H2O must 
have been added by the melt at this stage. In addition, the solubility of plagioclase in a 
sulfide melt is likely to be very low, such that a sulfide melt could not have resorbed 
the pre-existing plagioclase. The process of dissolution and diffusional equilibration 
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thus requires a hydrous silicate melt and/or hydrous fluid. The presence of such a melt 
or fluid is consistent with experimental evidence showing that the Ca content of 
plagioclase can be increased by the addition of H2O to basaltic melts (Hall, 1987; 
Panjasawatwong et al., 1995; Takagi et al., 2005).  Evidence for the presence of a 
silicate melt is provided by euhedral orthopyroxene, hornblende, and biotite that are in 
contact with sulfide minerals and the Ca-rich rim of plagioclase. Koepke et al. (2005) 
demonstrated experimentally that addition of H2O caused partial melting of a gabbro 
to form an assemblage of An-rich plagioclase, orthopyroxene, and amphibole ± 
clinopyroxene. In their experiments, the late-stage clinopyroxene had a lower Al 
content than the primary clinopyroxene. This assemblage and the change in chemistry 
of the clinopyroxene is very similar to the assemblages associated with the sulfide-rich 
rims at Marathon, and is consistent with a model in which these assemblages largely 
reflect interaction of the preexisting assemblage with a sulfide melt-fluid mixture. This 
late-stage hydrous melt/fluid was also responsible for the crystallization of 
homogeneous biotite and hornblende (Fig. 2.5e, f), particularly in the W Horizon. 
Similar anorthite-rich rims on plagioclase were briefly described by Gál et al. (2011) 
from the South Filson Creek area, in the South Kawishiwi Intrusion of the Duluth 
Complex. These were interpreted to have formed during an alteration event that also 
serpentinized olivine and locally remobilized PGE. 
The residual hydrous melt aggregates contain chalcopyrite and bornite, particularly in 
the W Horizon. The ubiquitous presence of hydrothermal alteration around these 
residual hydrous melt aggregates indicates that a separate hydrous fluid exsolved from 
this late-stage melt. The presence of carbonate in these residual hydrous melt 
aggregates demonstrates that the fluid also carried CO2 or other carbonic components.  
Sodium-rich replacement rims (An33-50) on plagioclase occur in the vicinity of quartz-
feldspar granophyric patches (Figs. 2.7f, 2.17c), suggesting alteration by fluids 
exsolved from the granophyric melts. The granophyre could either represent late-stage 
residual melts or partial melts from the country rocks. Granophyric patches are 
associated with euhedral biotite and zoned hornblende and the textural evidence 
suggests that granophyre formed from the residual melt left after crystallization of 
biotite and hornblende (Fig. 5c, d). This is consistent with the restriction of sodic 
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alteration to the vicinity of the granophyre patches as volatile activity would be 
expected to have increased in the vicinity of residual magma. In addition, partial melts 
of the country rocks would likely have been restricted to the lower parts of the TDLG, 
whereas granophyre has been observed in the W Horizon as well as lower in the 
TDLG. 
Biotite and hornblende occur in two textural settings: 1) euhedral biotite and zoned 
hornblende in the residual hydrous aggregates (with which some granophyric patches 
are associated), and 2) euhedral and/or anhedral biotite and homogeneous hornblende 
adjacent to sulfide aggregates and their associated resorbed Ca-rich plagioclase rims, 
where the hydrous minerals have formed by replacement of pyroxene. The complete 
lack of Ca-rich rims around the residual aggregates and the lack of and association 
with granophyre, which has Na-alteration associated, leads us to conclude that these 
features are a consequence of different late-stage melts. The hydrous aggregates and 
granophyre, as discussed above, most likely represent the residua of the main gabbroic 
melts, whereas the disequilibrium features (resorption and metasomatism) exhibited by 
the sulfide-associated melt indicates that this melt came from a different chamber. 
Much of the chalcopyrite in the Main Zone replaced primary magmatic pyrrhotite and 
is intergrown with hydrous minerals. In the Main and Footwall Zones, sulfide minerals 
also have replaced pyroxene lamellae in samples with significant hydrous alteration. 
These features indicate that sulfides have been remobilized by fluids, late in the 
evolution of the TDLG.    
(3) Do the rocks that host the Footwall Zone, Main Zone, and W Horizon have different 
petrogenetic histories?  
Given that the three mineralized zones at Marathon have different characteristics, the 
question arises as to whether the magma and volatile interactions deduced above 
differed in the three zones. 
The presence of early-crystallized apatite, as well as the range of plagioclase 
compositions, both in terms of major and trace elements for the cores and post-
resorption overgrowths, is very similar in the three zones of mineralization. This 
indicates that the three zones experienced the same early magmatic history.  
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Several lines of evidence suggest that the late-stage magmas that infiltrated the three 
zones were different in composition from one another. First, the Ca-rich resorption 
rims and associated biotite and homogeneous hornblende are more abundant in the W 
Horizon than in the Main Zone and are absent from the Footwall Zone. The residual 
hydrous melt aggregates are also more abundant in the W Horizon than the other two 
zones. This indicates that the presence of late-stage hydrous melts (both for residual 
hydrous melt aggregates, and Ca-rich plagioclase resorption rims), and possibly fluids 
exsolved from those melts, occurred to a greater degree in the W Horizon than the 
other two zones. Second, clinopyroxene and orthopyroxene from the Footwall Zone 
have different major element (higher Fe and lower Mg) and trace element 
concentrations (Fig. 2.28) compared to the other two mineralized zones. Third is that 
the inverted pigeonite was not observed in the W Horizon. Pre-clinopyroxene 
orthopyroxene has not been recognized from the W Horizon. Given that the 
orthocumulate magma resident in the TDLG at the end of plagioclase crystallization 
would have mostly comprised apatite and plagioclase, in situ fractional crystallization 
of the interstitial melt is unlikely to have been responsible for producing the 
mineralogical and compositional differences observed in the pyroxenes. Furthermore, 
the Mg/Fe ratio and concentrations of compatible elements, such as V, Ni, and Sc of 
pyroxenes, is lower toward the base of the intrusion. This indicates that, after the 
emplacement of the magma represented by the apatite and plagioclase, 
compositionally different magmas infiltrated the three zones, presumably at different 
times.  
Although symplectic intergrowths of orthopyroxene and Fe-Ti-oxides occur in all 
three mineralized zones, they are more common in the W Horizon. This could be 
because olivine is more abundant in the W Horizon and/or that the melt responsible 
was present in greater proportions in the W Horizon. The single-clinopyroxene 
thermometry results indicate lower crystallization temperatures for the Footwall Zone 
than the other two zones (Fig. 2.30). This can be explained by its proximity to the 
Archean country-rocks and more rapid cooling compared to other two zones that were 
emplaced into gabbro further from the country-rocks. It also suggests that the Footwall 
Zone formed earlier than the overlying zones.  
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The replacement of primary magmatic pyrrhotite by chalcopyrite, sulfide intergrown 
with hydrothermal alteration (hydrous minerals such as actinolite, chlorite, sericite), 
and sulfide replacing pyroxene lamellae, are more common in the Footwall and Main 
Zones than the W Horizon. These features, as well as greater abundance of 
hydrothermal alteration in these zones than in the W Horizon, indicate that sub-solidus 
fluid-rock interaction and associated metal remobilization in these two zones occurred 
to a greater extent than in the W Horizon, where such features are rare. These fluids 
cannot have been derived from the gabbroic melts because: 1) residual hydrous melt 
aggregates, indicative of late-stage hydrous magma and fluid exsolution, principally 
occur in the W Horizon, above the level of most alteration, 2) the nature of the 
alteration around the granophyric patches is different (principally albitic alteration of 
plagioclase) from the more pervasive alteration involving chlorite and actinolite.  
Similarly, the late hydrous melts responsible for Ca-rich plagioclase resorption rims 
are unlikely to have been the source because they mostly occur in the W Horizon. 
Given the ubiquity of the hydrothermal alteration, and its occurrence principally in the 
lower part of the TDLG, it is more likely that the fluids are derived from 
devolatilization of the country rocks that lie below the TDLG as a result of the 
continued influx of magmas that formed the Coldwell Complex.  
2.5.2 Sulfide Crystallization 
In all three mineralized zones, magmatic sulfides surround clinopyroxene and also occur 
as inclusions within clinopyroxene, suggesting that they are coeval. Some small sulfide 
mineral inclusions also occur in inverted pigeonite. In the Footwall and Main zones, 
sulfides also occur as trails along fractures in clinopyroxene. Therefore, sulfide liquids 
were introduced to the TDLG prior to or during pyroxene crystallization and continued to 
crystallize after clinopyroxene crystallization was complete. If they had been present 
earlier, we would expect sulfide to have been incorporated into apatite and plagioclase. 
This is consistent with the nature of the Ca-rich plagioclase rims, which are resorbed and 
associated with sulfide, indicating that a late-stage melt was out of equilibrium with the 
pre-existing plagioclase. Sulfide minerals, however, predated orthopyroxene symplectite 
formation. 
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Sulfide minerals also commonly are intergrown with hydrous silicate minerals, which are 
mostly the product of pyroxene alteration, and also have replaced pyroxene lamellae 
where the lamellae are partially to completely altered. These occurrences of sulfide 
minerals suggest that some sulfides have been remobilized under subsolidus conditions. 
As noted above, these textures are more common in the Footwall and Main Zones, 
consistent with a fluid source derived from devolatilization of the Archean country rocks. 
Good et al. (2015) suggested that the geochemical characteristics of the Main Zone 
support a magmatic origin for Cu-PGE mineralization and sulfide accumulation in a 
dynamic flow system, regardless of whether this zone formed from a single batch of 
magma or from multiple pulses of magma. Our observations in this study are consistent 
with a dynamic conduit system that involved multiple magma pulses from different 
magma chambers, and that such a model also applies to the W Horizon. Early 
crystallization of the Footwall Zone is consistent with this model in which the early-
formed Footwall Zone sulfides were shielded from later magma injection and interaction. 
Two different models can explain the lower Cu/Pd and elevated Pd contents of the W 
Horizon. The W Horizon could have been formed as a result of multistage-dissolution 
upgrading (Good, 2010; Good et al., 2015; Ruthart, 2013). In this model, late-stage 
interaction between S-undersaturated magmas with preexisting sulfide in magma conduits 
(Kerr & Leitch, 2005) resulted in high effective R-values and dissolution of sulfide 
minerals and removal of Cu, thus causing residual enrichment of existing PGE. Given 
that sulfide does not appear to have been present in the system prior to clinopyroxene 
crystallization, which itself appears to represent infiltration of a magma from a chamber 
that is different from that which crystallized the earlier-formed minerals, any magma that 
caused upgrading must have invaded the system after or during clinopyroxene 
crystallization, and mainly in the W Horizon. There are three possible candidates: 1) the 
magma from which the clinopyroxene crystallized, which we have demonstrated came 
from a different chamber than the magma from which the earlier-crystallized plagioclase 
and orthopyroxene crystallized from; 2) the magma-fluid mixture that formed the 
resorbed Ca- and sulfide-rich rims; and 3) the magma that caused corona-symplectite 
formation. The clinopyroxene-forming magma is unlikely to have been responsible 
because clinopyroxene has similar abundances and chemistry in the Main Zone and W 
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Horizon. Both the Ca-rich plagioclase rims and corona-symplectite are more abundant in 
the W Horizon. Wherever these two features are present in the Main Zone, however, there 
is no evidence of sulfur loss; that is, the sulfide assemblages comprise pyrrhotite-
chalcopyrite rather than chalcopyrite-bornite, the latter being the dominant assemblage in 
the W Horizon. In addition, although these features are common, the representative 
minerals are volumetrically small. To change the bulk chemistry of the W Horizon sulfide 
melt, a much larger volume of melt would be expected to have been present and, 
presumably, preserved somewhere within the complex.   
There is, however, a direct association between magmatic hydrous minerals and the 
bornite-bearing assemblages in the W Horizon, including in the residual hydrous melt 
aggregates. These features suggest that the late-stage W Horizon magma was more 
hydrous than the magmas in the Main Zone, and that the different sulfide mineralogy may 
be related to this fact. In support of this association, is the observation that the only 
occurrences of bornite that we have observed in the Main Zone are in residual hydrous 
melt aggregates. 
An alternative for the generation of Cu-rich magmatic sulfides (chalcopyrite-bornite-
digenite rather than pyrrhotite-pentlandite-chalcopyrite) was proposed by Wohlgemuth-
Ueberwasser (2013). Their model, which is based on experiments, involves the oxidation 
of Fe2+ in the melt, which promotes the formation of magnetite or some other Fe-bearing 
phase, thus driving the Fe/Cu ratio in the sulfide melt to lower values. This, along with 
fractional crystallization of the sulfide melt, results in an increase in the bulk metal/S ratio 
of the sulfide melt, as well as lowered liquidus and solidus temperatures, and that such 
melts will crystallize past the iss stability field and crystallize Cu- and Ni-rich sulfides 
such as bornite and millerite (Ballhaus et al., 2001; Wohlgemuth-Ueberwasser et al., 
2013). This model is consistent with a sulfide assemblage dominated by chalcopyrite and 
bornite in the W Horizon. In addition, as opposed to the Main Zone, millerite is 
commonly present in the W Horizon (Ames et al., 2016) and pentlandite occurs in the 
chalcopyrite-bornite assemblage mainly as discrete grains up to 2 mm in size, rather than 
as an exsolved phase in pyrrhotite (Ruthart, 2013). A similar explanation was suggested 
for the formation of bornite in the Skaergaard intrusion (Anderson, 2006; Wohlgemuth-
Ueberwasser, 2013). 
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The association of these sulfide assemblages with hydrous silicate mineral phases and the 
overall greater abundance of the latter compared to the Main Zone, suggests that, if this 
model applies, oxidation of the W Horizon magmas may have occurred through addition 
and dissociation of water (Motoaki, 1978; Moretti, 2005; Moretti and Baker, 2008; 
Behrens et al., 2009). It is clear that water has fluxed through the underlying Main Zone 
and so a possible model involves earlier crystallization of the Footwall and Main zones, 
while the W Horizon was still crystallizing (post-plagioclase), and addition of the water 
that caused alteration of the underlying Main Zone to the W Horizon magmas.   
2.6 Conclusions 
Complexity of plagioclase and clinopyroxene textures, along with their major and trace-
element variation, indicate that the TDLG could not be the result of crystallization of a 
single batch of magma, but rather had a complex magma evolution history. Our results 
support a model of fluid flow through a conduit system. Petrographic and geochemical 
studies of the TDLG indicate that: 
(1) Plagioclase was the first mineral crystallized and olivine either co-precipitated 
with or postdated plagioclase and is more abundant in the W Horizon.  
(2) Pyroxene crystallized as an interstitial phase and, prior to or during clinopyroxene 
crystallization, sulfide melt was introduced to the TDLG and continued to 
crystallize after clinopyroxene crystallization was complete.  
(3) After the emplacement of the crystal mush represented by the apatite and 
plagioclase, compositionally different magmas infiltrated the three zones, 
presumably at different times. 
(4) Sulfide liquid continued to be present at the time when late-stage hydrous melt 
and/or hydrous fluid were available and responsible for formation of the resorbed 
Ca-rich rims on plagioclase with sulfide-inclusions.  
(5) Syn/post magmatic volatile activity remobilized metals in the Footwall and Main 
Zones. Hydrous fluid has likely fluxed through the underlying Main Zone, and so 
a possible model involves earlier crystallization of the Footwall and Main Zones, 
while the W Horizon was still crystallizing (post-plagioclase), and addition of the 
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waters that caused alteration of the underlying Main Zone to the W Horizon 
magmas. This resulted in the crystallization of bornite rather than pyrrhotite in the 
W Horizon.  
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Figure 2.1 Geological map of the Coldwell Complex showing the Eastern Gabbro, the syenitic 
rocks and the location of the Marathon deposit (modified after Good et al., 2015). The intrusive 
centers have been shown by Roman numerals (modified after Mulja and Mitchell, 1991).   
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Figure 2.2 Field image showing typical ophitic texture of the TDLG. 						 	
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Figure 2.3 A schematic cross section of the southern part of the Marathon deposit showing the 
stratigraphic distribution of three different mineralized zones and their relationship (modified 
after Good et al., 2015). 									 									 	
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Figure 2.4 Paragenetic sequence of TDLG. The width of the bars represents the abundance of the textures. Dashed bars on symplectite 
orthopyroxene represents that they should have started to form at some point after the formation of orthopyroxene corona on olivine and the end of 
clinopyroxene crystallization.   	 										
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Figure 2.5 Photomicrographs representing the variation in occurrence of biotite and hornblende. 
a) residual hydrous melt aggregates containing biotite, zoned hornblende, carbonate, titanite, and 
sulfide, b) reflected light image of a, c) biotite and zoned hornblende associated with granophyric 
patches, d) cross-polarized image of c, e) coarse-grained euhedral biotite adjacent of interstitial 
sulfide, replacing plagioclase and rimming sulfide, and f) clinopyroxene replaced by un-zoned 
hornblende adjacent to Ca-rich rim plagioclase and sulfide.  	
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Figure 2.6 Schematic illustrations of different common textures of plagioclase. a) normal zoning 
without resorption, b) earlier stage of crystallization resorbed and then overgrow new stage, c) 
resorpthion and overgrowth along with sulfide inclusions in the outermost resorpthion rim, and d) 
replacement with more sodic plagioclase.    
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Figure 2.7 Photomicrographs representing the variation in textural characteristics of plagioclase. 
a) normal zoning, b) oscillatory zoning, c) early crystalized plagioclase resorbed and overgrew 
with more calcic plagioclase, d) two phase of resorption, early crystalized plagioclase first 
resorbed and overgrew with more calcic plagioclase and then the second phase resorbed and 
overgrew with more sodic one, e) resorption texture with sulfide blebs in the outermost resorption 
rim, f) replacement texture. 
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Figure 2.8 a) Cathodoluminescence image of Ca-rich resorption rim of plagioclase showing relicts 
of Na-rich plagioclase within the Ca-rich rims, b) zoomed-in image of the red rectangle on image 
a. 		 
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Figure 2.9 Schematic illustrations of different common textures of pyroxene. a) homogeneous 
pyroxene, b) clinopyroxene with Fe-Ti-oxide inclusions, c) clinopyroxene without exsolution 
lamellae replaced and rimmed by clinopyroxene with orthopyroxene lamellae, d) orthopyroxene 
with clinopyroxene lamellae and blebs resorbed and rimmed by clinopyroxene with 
orthopyroxene lamellae, e) homogeneous clinopyroxene replaced by clinopyroxene containing 
biotite patches, and f) clinopyroxene with lamellae replaced by clinopyroxene without lamellae 
containing biotite patches. 
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Figure 2.10 Photomicrographs representing the variation and complexity of pyroxene textures. a) 
pyroxene oikocryst without any zoning or exsolution lamellae, b) homogeneous Cpx, c) Cpx with 
Fe-Ti oxide inclusions rimmed by Cpx with Opx lamellae, d) inverted pigeonite (Opx with cpx 
lamellae) resorbed and rimed by Cpx with Opx lamellae, e) Cpx with Opx lamellae replaced by 
Cpx without lamellae, f) Cpx without lamellae replaced by Cpx with Opx lamellae, g) Cpx with 
Opx lamellae replaced by Cpx without lamellae containing biotite patches, and h) homogeneous 
clinopyroxene replaced by clinopyroxene containing biotite patches. 
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Figure 2.11 a) plane-polarized and b) reflected-light photomicrographs representing euhedral 
orthopyroxene adjacent to Ca-rich rim plagioclase. The rim of adjacent clinopyroxene is replaced 
by clinopyroxene with lower Al content. 
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Figure 2.12 Photomicrographs and BSE images representing symplectic intergrowths between 
Opx and Fe-Ti oxide. a) CPL image showing Opx rimming around olivine, b) symplectite Opx 
postdate Cpx, c) BSE image showing symplectic intergrowth of Opx with Fe-Ti oxides in contact 
with olivine, d) higher magnification BSE image of the red rectangle on image c showing ilmenite 
and magnetite intergrowth with Opx, e) olivine resorbed and the Opx corona formed as a reaction 
rim, and f) the size of symplectite lamellae decrease towards the olivine boundary. 
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Figure 2.13 BSE image showing a) different spacing (thick lamellae are always more widely 
spaced than thin lamellae), and b) different thickness and orientation of Opx lamellae within Cpx. 
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Figure 2.14 Photomicrographs representing different sulfide occurrence and assemblages. a) 
massive sulfide from the Footwall Zone, b) disseminated chalcopyrite, c) chalcopyrite replaced 
primary magmatic pyrrhotite, d) bornite grains and exsolution lamellae within chalcopyrite, e) 
chalcopyrite intergrown with hydrous minerals, f) sulfide with the symplectite.         
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Figure 2.15 Cartoon model showing textural differences between 3 mineralized zones in the 
Marathon deposit. 
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Figure 2.16 Photomicrographs representing relationship of sulfide occurrence and silicates. a) 
sulfide blebs within resorption rim of plagioclase, b & c) sulfides inclusions within 
clinopyroxene, d) sulfides replacing pyroxene lamellae within altered pyroxene, and e) sulfide 
inclusions trail along cracks within clinopyroxene.     
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Figure 2.17 a) Photomicrographs showing resorption texture of plagioclase with blebs of sulfides 
within resorption rim, b) photomigrographs showing replacement rims in plagioclase in the 
vicinity of granophyre patches, c) Part of ternary diagram (gray field in the An-Ab-Or ternary 
diagram) representing variation in An content of the plagioclase with different texture. Resorption 
rims of plagioclase with sulfide blebs having distinctly higher An content than replacement rims. 
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Figure 2.18 Binary diagram showing the relationship between FeO and An content in plagioclase 
crystals. There is a slight positive correlation between FeO and An content. 
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Figure 2.19 Relationship between Fe and An content (a) and between Sr and An content (b) for 
crystals showing overgrowth after resorption. These indicate that not only An content change 
across resorption surfaces, but also minor elements change. Fe and Sr have either positive or 
negative correlation with An content. Red arrows represent changes either from resorbed 
magmatic early phase to one of the overgrowth phases or from one stage of post-resorption 
overgrowth to a later post-resorption overgrowth. Blue arrows show changes from one stage of 
post-resorption overgrowth to a later post-resorption overgrowth rim containing sulfide 
inclusions.  
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Figure 2.20 Chondrite normalized REE plot for plagioclase crystals showing LREE enrichment 
with strongly positive Eu anomaly. 
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Figure 2.21 Trace element variation in plagioclase for different textures showing trends from 
early to late crystallization phase. a) for plagioclase crystallization showing normal or oscillatory 
zoning without any resorption, b) plagioclase crystals showing overgrowth after resorption 
(dashed lines represent trends that are different from expected trend from normal crystallization), 
c) cartoon model showing expected trend of REE changes for early to late phase in plagioclase for 
different scenarios. Image a shows an increase in REE from core to rim and a decrease in Eu 
anomaly, whereas image b indicates either increase or decrease in the Eu anomaly and total REE 
from resorbed magmatic early phase to one of the overgrowth phases or from one stage of post-
resorption overgrowth to a later post-resorption overgrowth. Some of the trends in image b cannot 
be explained by any scenarios showed in image c. Other REE also behave the same way and La is 
plotted in this figure as an example.  
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Figure 2.22 Box-whisker plot comparing trace element concentration of plagioclase crystals with 
different textures indicating that Ca-rich plagioclase resorption rims contain higher S, Ni, Cu and 
Pb and lower Ti compared to other textures. The lower, middle, and upper lines in each box 
represent 25%, median, and 75% of data; respectively. The lower line of whisker represents 10 
percentile and the upper one represents 90 percentile. Circles show outliers.  
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Figure 2.23 Box-whisker plot comparing REE concentration of plagioclase crystals with different 
textures indicating that Ca-rich plagioclase resorption rims contain higher LREE compared to 
other textures.  
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Figure 2.24 LA-ICP-MS analyses of selected plagioclase with sulfide-inclusion-rich overgrowth 
rims showing the difference of the Cu content of the overgrowth rim and the pre-resorption 
crystal. Sulfides-inclusion-rich rim has been shown by black dashed lines. Red box show the area 
that have been used for data reduction representative of the rim. Those high peaks of Cu and Fe in 
the regions of the overgrowth rim represent sulfide (chalcopyrite) inclusions. It is obvious that the 
Cu content of the rim ignoring the sulfide inclusions has higher Cu content that the pre-resorption 
core. 
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Figure 2.25 Major element compositions of the clinopyroxene and orthopyroxene with different 
textures, data have been plotted into two quadrilateral to have a better view and comparison as 
most of them overlap. Clinopyroxene with different texture show similar composition range 
whereas orthopyroxene span in a wider range and different textures exhibit slight different 
compositions.  
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Figure 2.26 a) Chondrite-normalized REE plot for pyroxene showing different trend between 
clinopyroxene and orthopyroxene, b) Trace element partition coefficient for common minerals in 
basaltic melts (modified after Rollinson, 1993).  
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Figure 2.27 Box-whisker charts comparing the trace element concentrations of clinopyroxene and 
orthopyroxene. 
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Figure 2.28 Box-whisker charts comparing the trace element concentrations of clinopyroxene and 
orthopyroxene from different zones. Clinopyroxene and orthopyroxene from the Footwall Zone 
exhibit distinct trace element contents from the other two mineralized zones and contain lower 
trace element contents except Mn, which is higher.  
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Figure 2.29 Box-whisker plot comparing P-T crystallization condition of clinopyroxene with 
different texture using Putirka (2008) thermometer. Clinopyroxene without lamellae show higher 
temperature and pressure range.  
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Figure 2.30 Box-whisker plot crystallization temperature and pressure of clinopyroxene from 
different zones using Putirka (2008) thermometer indicating lower crystallization temperature in 
the Footwall Zone.  
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Table 2-1 Comparing three mineralized zones based on plagioclase and pyroxene textures. 
Host Texture Footwall Zone Main Zone W Horizon 
Pl No zonation, normal zoning ✔ ✔ ✔ 
Pl  Oscilatory zonation ✔ ✔ ✔✔✔ 
Pl Replacement ✔ ✔ ✔ 
Pl Resorption ✔ ✔ ✔ 
Pl  plagioclase resorption rims with sulfide inclusions   ✔ ✔✔ 
Cpx Homogeneous ✔ ✔ ✔✔✔ 
Cpx Clinopyroxene with thin altered orthopyroxene lamellae ✔✔✔ ✔✔ ✔ 
Cpx Clinopyroxene with orthopyroxene lamellae ✔✔✔ ✔✔✔ ✔ 
Cpx Clinopyroxene with Fe-Ti oxide inclusions ✔ ✔ ✔✔✔ 
Cpx Clinopyroxene with sulfide inclusions  ✔ ✔ ✔ 
Cpx and Opx pyroxene lamellae replaced by Sulfide  ✔✔ ✔   
Opx Orthopyroxene with clinopyroxene lamellae and blebbs ✔ ✔   
Opx Symplectite intergrowth with Fe-Ti-oxides ✔ ✔ ✔✔ 
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Table 2-2 Representative plagioclase compositions of the mineralized zones of the 
Marathon deposit.  
 
Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone 
Sample No. G10-4I (3) fsp1-1 G10-4I (1) fsp1-1 G10-4I (2) fsp1-4 G10-4I (2) fsp1-5 
Wt% 
    SiO2 52 52 52 52 
TiO2 0.00 0.00 0.00 0.00 
Al2O3 31 30 30 30 
Cr2O3 0.00 0.00 0.00 0.00 
FeO 0.53 0.47 0.53 0.55 
MnO 0.01 0.02 0.01 0.00 
MgO 0.00 0.00 0.00 0.00 
CaO 14 13 13 13 
BaO 0.04 0.02 0.04 0.07 
Na2O 3 4 4 4 
K2O 0.28 0.29 0.39 0.34 
Total 100.8 99.6 99.9 99.8 
Calculated formula based on 8 oxygen 
Si 2.33 2.38 2.38 2.37 
Ti 0.00 0.00 0.00 0.00 
Al 1.64 1.61 1.60 1.61 
Cr 0.00 0.00 0.00 0.00 
Fe 0.02 0.02 0.02 0.02 
Mn 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 
Ca 0.69 0.65 0.65 0.65 
Ba 0.00 0.00 0.00 0.00 
Na 0.28 0.33 0.33 0.33 
K 0.02 0.02 0.02 0.02 
∑ cations 4.99 5.00 5.00 5.00 
an 69.81 64.92 65.06 65.31 
ab 28.50 33.32 32.60 32.61 
or 1.61 1.71 2.27 1.96 
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Cont. 
Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone 
Sample No. MSH-24 (3) fsp 1-2 MSH-24 (3) fsp 3-2 
MSH-24 (3) fsp 
4-1 
M07-417-318.55 (1) 
fsp1-1 
Wt% 
    SiO2 55 56 55 58 
TiO2 0.00 0.00 0.00 0.00 
Al2O3 28 29 29 26 
Cr2O3 0.00 0.00 0.00 0.00 
FeO 0.34 0.39 0.41 0.42 
MnO 0.00 0.00 0.02 0.02 
MgO 0.00 0.00 0.00 0.00 
CaO 11 11 11 8 
BaO 0.09 0.06 0.05 0.04 
Na2O 5 5 5 6 
K2O 0.88 0.57 0.56 0.62 
Total 100.2 101.4 100.9 99.7 
Calculated formula based on 8 oxygen   
Si 2.49 2.49 2.47 2.61 
Ti 0.00 0.00 0.00 0.00 
Al 1.51 1.51 1.52 1.37 
Cr 0.00 0.00 0.00 0.00 
Fe 0.01 0.01 0.02 0.02 
Mn 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 
Ca 0.52 0.51 0.53 0.41 
Ba 0.00 0.00 0.00 0.00 
Na 0.42 0.43 0.42 0.55 
K 0.05 0.03 0.03 0.04 
∑ cations 5.00 4.99 4.99 5.00 
an 52.10 52.62 53.54 40.68 
ab 42.61 43.95 43.15 55.68 
or 5.13 3.33 3.22 3.57 
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Cont. 
Zone Footwall Zone Footwall Zone Main Zone Main Zone 
Sample No. M07-417-318.55 (1) fsp1-2 
M07-417-318.55 (4) 
fsp1-3 G11-7I (1) fsp1-1 G11-7I (1) fsp1-3 
Wt% 
    SiO2 59 58 49 51 
TiO2 0.00 0.00 0.00 0.00 
Al2O3 26 26 32 31 
Cr2O3 0.00 0.00 0.00 0.00 
FeO 0.53 0.40 0.43 0.48 
MnO 0.00 0.01 0.02 0.02 
MgO 0.00 0.00 0.00 0.00 
CaO 8 8 15 15 
BaO 0.06 0.04 0.01 0.05 
Na2O 6 6 3 3 
K2O 0.64 0.59 0.19 0.17 
Total 100.3 100.2 99.5 101.1 
Calculated formula based on 8 oxygen   
Si 2.64 2.62 2.27 2.32 
Ti 0.00 0.00 0.00 0.00 
Al 1.35 1.36 1.71 1.67 
Cr 0.00 0.00 0.00 0.00 
Fe 0.02 0.02 0.02 0.02 
Mn 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 
Ca 0.39 0.41 0.75 0.71 
Ba 0.00 0.00 0.00 0.00 
Na 0.56 0.56 0.25 0.27 
K 0.04 0.03 0.01 0.01 
∑ cations 4.99 5.00 5.00 4.99 
an 39.60 40.62 74.22 71.83 
ab 56.57 55.92 24.69 27.09 
or 3.71 3.38 1.09 0.99 
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Cont. 
Zone Main Zone Main Zone Main Zone Main Zone 
Sample No. G11-7I (2) fsp2-5 G11-7I (2) fsp2-1 G10-11I (2) fsp 1-5 G10-11I (3) fsp 1-3 
Wt% 
    SiO2 49 54 54 53 
TiO2 0.00 0.00 0.00 0.00 
Al2O3 31 29 30 30 
Cr2O3 0.00 0.00 0.00 0.00 
FeO 0.68 0.45 0.32 0.34 
MnO 0.00 0.00 0.01 0.04 
MgO 0.00 0.00 0.00 0.00 
CaO 15 12 12 12 
BaO 0.02 0.02 0.03 0.04 
Na2O 3 4 4 4 
K2O 0.15 0.45 0.35 0.35 
Total 99.2 100.2 100.3 99.7 
Calculated formula based on 8 oxygen 
  Si 2.28 2.43 2.42 2.40 
Ti 0.00 0.00 0.00 0.00 
Al 1.69 1.55 1.57 1.60 
Cr 0.00 0.00 0.00 0.00 
Fe 0.03 0.02 0.01 0.01 
Mn 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 
Ca 0.73 0.59 0.58 0.58 
Ba 0.00 0.00 0.00 0.00 
Na 0.27 0.38 0.39 0.38 
K 0.01 0.03 0.02 0.02 
∑ cations 5.01 5.00 5.00 5.00 
an 72.50 59.03 58.62 58.84 
ab 26.61 38.35 39.30 39.00 
or 0.86 2.58 2.02 2.08 
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Cont. 
Zone Main Zone Main Zone Main Zone Main Zone 
Sample No. G10-11I (1) fsp 3-2 
G10-11I (1) fsp 
1-1 G10-11I (1) fsp 1-2 G10-11I (1) fsp 4-5 
Wt% 
    SiO2 54 57 57 57 
TiO2 0.00 0.00 0.00 0.00 
Al2O3 30 28 28 28 
Cr2O3 0.00 0.00 0.00 0.00 
FeO 0.39 0.34 0.32 0.34 
MnO 0.02 0.01 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 
CaO 12 10 10 10 
BaO 0.05 0.06 0.08 0.07 
Na2O 4 6 6 6 
K2O 0.33 0.53 0.52 0.47 
Total 101.7 100.8 101.6 100.9 
Calculated formula based on 8 oxygen 
  Si 2.42 2.53 2.53 2.54 
Ti 0.00 0.00 0.00 0.00 
Al 1.57 1.47 1.45 1.46 
Cr 0.00 0.00 0.00 0.00 
Fe 0.01 0.01 0.01 0.01 
Mn 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 
Ca 0.59 0.47 0.48 0.46 
Ba 0.00 0.00 0.00 0.00 
Na 0.39 0.48 0.49 0.48 
K 0.02 0.03 0.03 0.03 
∑ cations 5.00 4.99 5.00 4.98 
an 59.18 48.11 47.75 47.57 
ab 38.83 48.72 49.20 49.54 
or 1.89 3.06 2.92 2.77 
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Cont. 
Zone Main Zone Main Zone Main Zone Main Zone 
Sample No. G10-11I (1) fsp 5-3 G10-11I (2) fsp 1-4 G10-11I (3) fsp 1-5 G10-11I (1) fsp 4-4 
Wt% 
    SiO2 57 62 61 64 
TiO2 0.00 0.00 0.00 0.00 
Al2O3 28 25 25 23 
Cr2O3 0.00 0.00 0.00 0.00 
FeO 0.30 0.33 0.35 0.26 
MnO 0.00 0.01 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 
CaO 10 6 6 4 
BaO 0.08 0.00 0.03 0.03 
Na2O 6 8 8 9 
K2O 0.36 0.49 0.46 0.58 
Total 101.2 101.5 101.1 101.5 
Calculated formula based on 8 oxygen 
  Si 2.53 2.72 2.70 2.79 
Ti 0.00 0.00 0.00 0.00 
Al 1.46 1.28 1.30 1.20 
Cr 0.00 0.00 0.00 0.00 
Fe 0.01 0.01 0.01 0.01 
Mn 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 
Ca 0.48 0.29 0.30 0.21 
Ba 0.00 0.00 0.00 0.00 
Na 0.48 0.67 0.66 0.74 
K 0.02 0.03 0.03 0.03 
∑ cations 4.99 4.99 5.00 4.99 
an 48.46 29.37 30.36 21.33 
ab 49.31 67.84 66.94 75.32 
or 2.10 2.80 2.66 3.30 
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Cont. 
Zone W Horizon W Horizon W Horizon W Horizon 
Sample No. MSH26 (1) fsp2-5 MSH26 (1) fsp1-1 59415b (5) fsp 1-1 MSH26 (2) fsp1-1 
Wt% 
    SiO2 50 54 54 54 
TiO2 0.00 0.00 0.00 0.00 
Al2O3 31 30 29 29 
Cr2O3 0.00 0.00 0.00 0.00 
FeO 0.36 0.42 0.41 0.41 
MnO 0.01 0.00 0.00 0.01 
MgO 0.00 0.00 0.00 0.00 
CaO 15 13 12 11 
BaO 0.04 0.06 0.08 0.07 
Na2O 3 4 5 5 
K2O 0.16 0.51 0.51 0.68 
Total 99.2 100.9 100.3 99.9 
Calculated formula based on 8 oxygen 
  Si 2.29 2.41 2.45 2.44 
Ti 0.00 0.00 0.00 0.00 
Al 1.70 1.57 1.54 1.55 
Cr 0.00 0.00 0.00 0.00 
Fe 0.01 0.02 0.02 0.02 
Mn 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 
Ca 0.72 0.61 0.56 0.56 
Ba 0.00 0.00 0.00 0.00 
Na 0.27 0.37 0.40 0.40 
K 0.01 0.03 0.03 0.04 
∑ cations 5.00 5.00 4.99 5.01 
an 71.63 60.48 56.58 55.71 
ab 27.39 36.52 40.28 40.25 
or 0.92 2.90 2.99 3.92 
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Cont. 
Zone W-Horizon W-Horizon W-Horizon W-Horizon 
Sample No. MSH26 (2) fsp1-2 
M06-180-85-3-2 (1) 
fsp1-4 
M06-180-85-3-2 (2) 
fsp1-4 
M06-180-85-3-2 (2) 
fsp1-2 
Wt% 
    SiO2 55 57 57 62 
TiO2 0.00 0.00 0.00 0.00 
Al2O3 29 27 27 24 
Cr2O3 0.00 0.00 0.00 0.00 
FeO 0.37 0.33 0.34 0.25 
MnO 0.00 0.02 0.00 0.01 
MgO 0.00 0.00 0.00 0.00 
CaO 12 9 9 6 
BaO 0.10 0.23 0.18 0.17 
Na2O 5 6 6 8 
K2O 0.60 0.43 0.54 0.45 
Total 101.3 99.0 100.0 101.0 
Calculated formula based on 8 oxygen 
  Si 2.45 2.57 2.57 2.74 
Ti 0.00 0.00 0.00 0.00 
Al 1.54 1.42 1.42 1.25 
Cr 0.00 0.00 0.00 0.00 
Fe 0.01 0.01 0.01 0.01 
Mn 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 
Ca 0.57 0.43 0.43 0.26 
Ba 0.00 0.00 0.00 0.00 
Na 0.40 0.52 0.53 0.70 
K 0.03 0.02 0.03 0.03 
∑ cations 5.00 4.99 5.00 5.00 
an 56.40 43.79 43.58 26.22 
ab 40.03 53.25 53.01 70.94 
or 3.38 2.54 3.09 2.55 
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Cont. 
Zone W-Horizon W-Horizon 
Sample No. M06-180-85-3-2 (1) fsp1-1 M06-180-85-3-2 (2) fsp1-1 
Wt% 
  SiO2 65 68 
TiO2 0.00 0.00 
Al2O3 22 20 
Cr2O3 0.00 0.00 
FeO 0.33 0.26 
MnO 0.01 0.00 
MgO 0.00 0.00 
CaO 3 0 
BaO 0.12 0.02 
Na2O 9 11 
K2O 0.68 0.32 
Total 100.0 100.6 
Calculated formula based on 8 oxygen 
 Si 2.87 2.98 
Ti 0.00 0.00 
Al 1.12 1.02 
Cr 0.00 0.00 
Fe 0.01 0.01 
Mn 0.00 0.00 
Mg 0.00 0.00 
Ca 0.14 0.02 
Ba 0.00 0.00 
Na 0.80 0.95 
K 0.04 0.02 
∑ cations 4.99 5.00 
an 14.56 2.11 
ab 81.32 96.04 
or 3.90 1.81 
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Table 2-3 Representative trace-element compositions of plagioclase of selected samples 
from the mineralized and un-mineralized zones of the Marathon deposit. 
 
Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone 
Sample No MSH24 MSH24 MSH24 MSH42-B 
Rock type Troctolite Troctolite Troctolite Cg TDLG 
Texture Oscillatory Zoning Normal Zoning Oscillatory Zoning Replacement along with granophyre 
Description Stage I-Late Stage I-Late Stage I-Late Stage I-Late 
ppm 
    Na 40000 40000 30000 50000 
Mg 200 200 200 1000 
Al 200000 200000 200000 200000 
Si 300000 300000 300000 300000 
S - - - - 
K 8000 6000 4000 3000 
Ca 70000 70000 80000 60000 
Ti 500 400 400 400 
Cr - - - - 
Mn 20 20 20 20 
Fe 2000 2000 2000 3000 
Ni - - - - 
Cu - 6 - 200 
Rb 3 2 1 1 
Sr 1000 1000 1000 1000 
Ba 900 700 700 900 
La 30 20 10 10 
Ce 40 40 30 20 
Nd 9 10 8 5 
Sm 0.9 1 1 0.5 
Eu 3 2 2 2 
Gd 0.5 0.3 0.5 - 
Dy - - - 0.08 
Yb - - - - 
Pb 3 3 2 10 
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Cont. 
Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone 
Sample No MSH24 G10-4I G10-4I G10-4I G10-4I 
Rock type Troctolite Peg TDLG Peg TDLG Peg TDLG Peg TDLG 
Texture Oscillatory Zoning Resorption Resorption Resorption Resorption 
Description Stage I-Early Stage I Stage II Stage III Stage III 
ppm 
     Na 40000 40000 40000 30000 40000 
Mg 400 800 1000 500 500 
Al 200000 100000 100000 100000 100000 
Si 400000 300000 200000 200000 200000 
S - - - - - 
K 7000 4000 4000 3000 5000 
Ca 50000 90000 80000 90000 80000 
Ti 400 500 400 500 400 
Cr - - - - - 
Mn 20 40 50 30 30 
Fe 3000 3000 3000 3000 3000 
Ni - - - - - 
Cu 2 - 3 4 4 
Rb 3 7 4 8 10 
Sr 1000 1000 1000 1000 1000 
Ba 700 500 500 500 600 
La 40 6 10 7 10 
Ce 50 10 20 10 20 
Nd 10 3 4 3 5 
Sm 1 0.3 0.4 0.3 0.4 
Eu 2 1 1 1 1 
Gd - 0.2 0.3 0.3 0.3 
Dy 
 
0.05 0.07 0.07 0.06 
Yb - 0.02 0.03 0.02 0.03 
Pb 5 2 2 2 2 
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Cont. 
Zone Main Zone Main Zone Main Zone Main Zone Main Zone 
Sample No G10-2 G10-11I G10-11I G10-11I G10-2 
Rock type Peg TDLG Peg TDLG Peg TDLG Peg TDLG Peg TDLG 
Texture Normal Zoning Normal Zoning Normal Zoning Normal Zoning Normal Zoning 
Description Stage I-Late Stage I-Late Stage I-Late Stage I-Late Stage I-Middle 
ppm 
     Na 30000 40000 40000 40000 40000 
Mg 2000 600 900 1000 700 
Al 200000 100000 200000 100000 200000 
Si 300000 300000 200000 200000 300000 
S - - - - - 
K 6000 3000 3000 1000 6000 
Ca 90000 80000 80000 80000 80000 
Ti 500 500 400 400 500 
Cr - - - - - 
Mn 90 30 40 40 40 
Fe 7000 3000 3000 3000 4000 
Ni - - - - - 
Cu 3 1 4 4 - 
Rb 7 2 2 2 7 
Sr 1000 1000 1000 1000 1000 
Ba 400 600 500 600 400 
La 5 10 9 20 6 
Ce 8 20 10 20 10 
Nd 2 5 4 5 3 
Sm 0.3 0.4 0.4 0.5 0.3 
Eu 1 2 2 2 1 
Gd - 0.3 0.2 0.3 - 
Dy - 0.06 0.07 0.08 
 Yb - 0.02 0.05 0.03 - 
Pb 2 2 3 3 1 
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Cont. 
Zone Main Zone Main Zone Main Zone Main Zone Main Zone 
Sample No G10-11I G10-11I G10-11I G11-7I G11-7I 
Rock type Peg TDLG Peg TDLG Peg TDLG Peg TDLG Peg TDLG 
Texture Normal Zoning Normal Zoning Normal Zoning Resorption Resorption 
Description Stage I-Middle Stage I-Early Stage I-Early Stage I Stage I 
ppm 
     Na 40000 40000 40000 30000 30000 
Mg 700 700 800 200 200 
Al 200000 200000 200000 200000 200000 
Si 200000 200000 200000 300000 300000 
S - - - - - 
K 2000 3000 4000 5000 5000 
Ca 90000 70000 80000 90000 90000 
Ti 400 400 400 500 400 
Cr - - - - - 
Mn 30 30 100 30 30 
Fe 3000 3000 3000 3000 3000 
Ni - - - - - 
Cu 3 0.6 3 - - 
Rb 2 7 5 4 3 
Sr 1000 1000 1000 1000 1000 
Ba 500 600 600 300 400 
La 6 7 5 8 5 
Ce 9 10 8 10 10 
Nd 3 3 2 4 3 
Sm 0.3 0.3 0.2 0.5 0.4 
Eu 2 2 2 1 1 
Gd 0.2 0.2 0.1 0.2 - 
Dy 0.04 0.06 0.08 - - 
Yb 0.02 - 0.03 - - 
Pb 3 2 2 1 1 
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Cont. 
Zone Main Zone Main Zone Main Zone Main Zone Main Zone 
Sample No G10-8I G10-8I G10-8I G10-8I G11-7I 
Rock type Peg TDLG Peg TDLG Peg TDLG Peg TDLG Peg TDLG 
Texture Resorption Resorption Resorption Resorption Resorption 
Description Stage I Stage II Stage II Stage II Stage II 
ppm 
     Na 30000 30000 40000 40000 30000 
Mg 1000 300 800 1000 300 
Al 200000 200000 200000 200000 200000 
Si 200000 300000 300000 300000 200000 
S - 1000 700 400 500 
K 4000 5000 7000 6000 3000 
Ca 70000 80000 80000 60000 70000 
Ti 300 500 500 500 300 
Cr - - - - - 
Mn 40 30 80 60 80 
Fe 4000 4000 5000 6000 3000 
Ni 4 - - - - 
Cu - 10 3 - 2 
Rb 3 7 8 5 1 
Sr 1000 1000 1000 1000 1000 
Ba 400 500 700 600 400 
La 6 5 10 20 5 
Ce 10 8 20 20 9 
Nd 3 2 4 5 3 
Sm 0.4 0.3 0.5 0.5 0.4 
Eu 1 2 2 2 1 
Gd - 0.1 - 0.5 - 
Dy - - - - - 
Yb - - - - - 
Pb 2 1 4 1 1 
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Cont. 
Zone Main Zone Main Zone Main Zone Main Zone 
Sample No G10-8I G10-8I G10-2 G10-2 
Rock type Peg TDLG Peg TDLG Peg TDLG Peg TDLG 
Texture Resorption Resorption Resorption Resorption 
Description Resorption rim with sulfide 
Resorption rim 
with sulfide 
Resorption rim 
with sulfide 
Resorption rim 
with sulfide 
ppm 
    Na 20000 20000 30000 30000 
Mg 200 200 300 800 
Al 200000 200000 200000 200000 
Si 200000 200000 300000 300000 
S 200 3000 5000 6000 
K 2000 2000 2000 2000 
Ca 80000 70000 70000 80000 
Ti 300 300 200 200 
Cr - - - - 
Mn 40 40 30 90 
Fe 4000 4000 4000 6000 
Ni 10 - - 3 
Cu 200 70 2,000.00 200 
Rb - 0.3 0.3 0.8 
Sr 1000 1000 1000 1000 
Ba 700 600 400 500 
La 20 30 20 20 
Ce 20 40 30 30 
Nd 4 6 4 5 
Sm 0.4 0.5 0.3 0.5 
Eu 2 2 1 2 
Gd 0.2 0.4 0.2 - 
Dy - - - - 
Yb - - - - 
Pb 50 20 70 40 
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Cont. 
Zone Main Zone Main Zone Main Zone W-Horizon 
Sample No G10-11I G10-11I G10-11I MSH54-4 
Rock type Peg TDLG Peg TDLG Peg TDLG Peg TDLG 
Texture Replacement along with granophyre 
Replacement along 
with granophyre 
Replacement along 
with granophyre Resorption 
Description Replacement rim Replacement rim Replacement rim Stage I-Late 
ppm 
    Na 60000 50000 70000 40000 
Mg 200 600 1000 300 
Al 200000 100000 100000 200000 
Si 300000 300000 300000 300000 
S - - - - 
K 4000 3000 5000 4000 
Ca 50000 60000 30000 90000 
Ti 300 300 100 500 
Cr - - - 3 
Mn 10 50 40 30 
Fe 2000 2000 3000 3000 
Ni - - - - 
Cu 4 4 5 1 
Rb 2 3 5 3 
Sr 1000 400 100 1000 
Ba 600 200 40 800 
La 10 10 20 10 
Ce 20 20 20 20 
Nd 3 4 4 5 
Sm 0.4 0.4 0.3 0.5 
Eu 3 2 0.8 2 
Gd 0.2 0.3 0.2 0.2 
Dy 0.06 0.05 0.05 0.1 
Yb - 0.03 0.04 - 
Pb 5 7 8 1 
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Cont. 
Zone W-Horizon W-Horizon W-Horizon W-Horizon W-Horizon 
Sample No MSH50-1 59421 MSH54-3 MSH50-2 MSH54-3 
Rock type Cg TDLG Peg TDLG Cg TDLG Clinopyroxenite Cg TDLG 
Texture Oscilatory Zoning 
Normal 
Zoning 
Normal 
Zoning 
ophitic 
plagioclase 
Normal 
Zoning 
Description Stage I-Late Stage I-Late Stage I-Late Stage I-Late Stage I-Late 
ppm 
     Na 30000 40000 40000 30000 30000 
Mg 200 200 200 200 200 
Al 200000 200000 200000 200000 200000 
Si 300000 300000 300000 300000 300000 
S 100 200 - 100 - 
K 7000 9000 5000 8000 4000 
Ca 90000 80000 90000 90000 90000 
Ti 400 400 400 400 400 
Cr 2 2 2 0.7 - 
Mn 20 30 30 20 20 
Fe 2000 2000 2000 3000 2000 
Ni 0.7 - 1 1 - 
Cu 0.4 1 2 2 0.6 
Rb 3 4 5 3 4 
Sr 1000 1000 1000 2000 1000 
Ba 500 800 600 800 600 
La 10 9 10 7 5 
Ce 20 10 20 10 10 
Nd 5 3 4 3 3 
Sm 0.6 0.4 0.5 0.3 0.4 
Eu 1 2 2 2 2 
Gd 0.2 0.2 0.1 0.2 0.3 
Dy 0.1 0.08 0.1 - - 
Yb 0.03 - - - 0.03 
Pb 1 2 2 2 2 
 
 
 
 
 
 
 
 
 
	 111 
Cont. 
Zone W-Horizon W-Horizon W-Horizon W-Horizon 
Sample No 59415b MSH50-1 59421 MSH54-3 
Rock type Peg TDLG Cg TDLG Peg TDLG Cg TDLG 
Texture Normal Zoning Oscilatory Zoning Normal Zoning Normal Zoning 
Description Stage I-Late Stage I-Middle Stage I-Middle Stage I-Early 
ppm 
    Na 40000 30000 30000 40000 
Mg 300 200 200 200 
Al 200000 200000 300000 200000 
Si 200000 300000 300000 300000 
S - 200 200 - 
K 6000 6000 6000 5000 
Ca 80000 100000 100000 90000 
Ti 400 300 300 400 
Cr - 1 2 2 
Mn 30 30 40 30 
Fe 3000 3000 3000 2000 
Ni - 2 - - 
Cu 5 0.6 0.7 - 
Rb 6 4 3 5 
Sr 1000 1000 1000 1000 
Ba 600 500 400 600 
La 8 9 5 10 
Ce 10 20 8 20 
Nd 3 4 2 5 
Sm 0.4 0.5 0.2 0.5 
Eu 1 1 1 2 
Gd 0.1 0.2 0.2 0.2 
Dy 0.05 0.08 0.04 0.06 
Yb 0.03 0.04 - - 
Pb 1 0.9 1 2 
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Cont. 
Zone W-Horizon W-Horizon above W-Horizon above W-Horizon 
Sample No MSH50-1 59421 MSH30-B MSH30-A 
Rock type Cg TDLG Peg TDLG Cg TDLG with crystal alignment Peg TDLG 
Texture Oscilatory Zoning Resorption Normal Zoning Resorption 
Description Stage I-Early Stage II Stage I-Early Stage I 
ppm 
    Na 30000 40000 40000 40000 
Mg 200 200 2000 2000 
Al 200000 200000 200000 200000 
Si 300000 300000 300000 300000 
S - 300 - - 
K 6000 8000 6000 8000 
Ca 90000 80000 80000 80000 
Ti 300 400 400 500 
Cr 1 2 - - 
Mn 30 40 90 70 
Fe 3000 2000 4000 4000 
Ni 0.7 - - 2 
Cu 0.5 1 - 1 
Rb 6 3 4 5 
Sr 1000 1000 1000 1000 
Ba 400 800 800 600 
La 5 10 7 10 
Ce 10 20 10 20 
Nd 3 4 2 4 
Sm 0.3 0.5 0.3 0.5 
Eu 1 2 2 1 
Gd 0.2 0.3 0.3 0.2 
Dy 0.05 0.1 0.03 0.04 
Yb - - - 0.04 
Pb 1 2 3 2 
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Table 2-4 Representative pyroxene compositions of the mineralized zones of the 
Marathon deposit. 
Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone 
Sample No. G11-1l (1) - 1 G11-1l (1) - 2 59395 (1-1) 59395 (1-4) 59395 (1-3) 
  Cpx without Lamellae 
Cpx without 
Lamellae Cpx lamellae 
Cpx with Opx 
lamellae 
Opx with Cpx 
lamellae 
Wt % 
     SiO2 47 50 52 51 51 
TiO2 1.25 0.17 0.25 0.49 0.21 
Al2O3 3.9 1.1 1.2 1.3 0.4 
Cr2O3 0.00 0.03 0.02 0.01 0.01 
FeO 19 17 13 16 30 
MnO 0.31 0.83 0.50 0.56 1.03 
CoO 0.00 0.00 0.02 0.00 0.04 
NiO 0.00 0.03 0.00 0.00 0.01 
MgO 6 7 12 11 15 
CaO 23 24 21 19 2 
Na2O 0.20 0.06 0.22 0.30 0.03 
Total 100.0 100.0 100.5 100.2 99.6 
Calculated formula based on 6 oxygen 
 Si 1.84 1.97 1.98 1.96 1.99 
Ti 0.04 0.01 0.01 0.01 0.01 
Al 0.18 0.05 0.05 0.06 0.02 
Cr 0.00 0.00 0.00 0.00 0.00 
Fe 0.62 0.54 0.42 0.50 0.98 
Mn 0.01 0.03 0.02 0.02 0.03 
Co 0.00 0.00 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.00 
Mg 0.34 0.40 0.66 0.65 0.90 
Ca 0.99 1.00 0.84 0.78 0.06 
Na 0.02 0.00 0.02 0.02 0.00 
Wo 0.51 0.52 0.44 0.4 0.03 
En 0.17 0.21 0.34 0.34 0.46 
Fs 0.32 0.28 0.22 0.26 0.5 
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Cont. 
Zone Main Zone Main Zone Main Zone Main Zone Main Zone 
Sample No. 59382 (2-1) 59382 (2-2) G10-8I (1) - 1 G10-8I (2) -1  
G10-8I (2) - 
2 
  Cpx lamellae Cpx with Opx lamellae 
Cpx without 
Lamellae 
Cpx with 
zoning-core 
Cpx with 
zoning-rim 
Wt % 
     SiO2 52 51 52 52 52 
TiO2 0.46 0.61 0.49 0.63 0.65 
Al2O3 1.6 1.9 1.7 1.8 1.7 
Cr2O3 0.00 0.01 0.02 0.01 0.03 
FeO 10 11 11 11 11 
MnO 0.31 0.36 0.32 0.25 0.34 
CoO 0.00 0.03 0.00 0.00 0.00 
NiO 0.03 0.04 0.02 0.04 0.04 
MgO 14 13 14 13 14 
CaO 21 21 20 21 20 
Na2O 0.27 0.32 0.25 0.33 0.26 
Total 99.9 99.7 99.5 99.8 100.0 
Calculated formula based on 6 oxygen 
  Si 1.96 1.94 1.96 1.94 1.96 
Ti 0.01 0.02 0.01 0.02 0.02 
Al 0.07 0.08 0.07 0.08 0.07 
Cr 0.00 0.00 0.00 0.00 0.00 
Fe 0.32 0.35 0.34 0.33 0.34 
Mn 0.01 0.01 0.01 0.01 0.01 
Co 0.00 0.00 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.00 
Mg 0.76 0.74 0.78 0.75 0.76 
Ca 0.84 0.83 0.80 0.86 0.81 
Na 0.02 0.02 0.02 0.02 0.02 
Wo 0.44 0.43 0.42 0.44 0.42 
En 0.4 0.39 0.41 0.39 0.4 
Fs 0.17 0.18 0.18 0.17 0.18 
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Cont. 
Zone Main Zone Main Zone Main Zone W-Horizon W-Horizon 
Sample No. 59382 (2-2) 
M11-514-
483.64 (1-2) 
M11-514-
483.64 (2-4) 
59290 (2-2) -  
rim MSH59 (2-1) 
  Opx lamellae Opx lamellae 
Opx rim on 
Cpx 
Cpx with 
zoning 
Cpx without 
Lamellae 
Wt % 
     SiO2 52 51 53 53 52 
TiO2 0.28 0.26 0.28 0.07 0.11 
Al2O3 0.6 0.5 0.8 0.5 0.4 
Cr2O3 0.00 0.00 0.02 0.00 0.01 
FeO 25 27 23 9 13 
MnO 0.66 0.76 0.64 0.39 0.46 
CoO 0.03 0.02 0.01 0.00 0.00 
NiO 0.00 0.03 0.02 0.04 0.01 
MgO 19 18 21 14 12 
CaO 3 1 1 23 22 
Na2O 0.02 0.03 0.00 0.16 0.15 
Total 99.7 99.3 99.7 99.4 99.7 
Calculated formula based on 6 oxygen 
  Si 1.97 1.99 1.98 2.00 1.99 
Ti 0.01 0.01 0.01 0.00 0.00 
Al 0.03 0.02 0.03 0.02 0.02 
Cr 0.00 0.00 0.00 0.00 0.00 
Fe 0.79 0.88 0.73 0.29 0.42 
Mn 0.02 0.03 0.02 0.01 0.01 
Co 0.00 0.00 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.00 
Mg 1.07 1.02 1.17 0.76 0.66 
Ca 0.12 0.05 0.04 0.91 0.89 
Na 0.00 0.00 0.00 0.01 0.01 
Wo 0.06 0.03 0.02 0.47 0.45 
En 0.54 0.52 0.6 0.39 0.33 
Fs 0.4 0.45 0.38 0.15 0.22 
 
 
 
 
 
 
 
 
	 116 
Cont. 
Zone W-Horizon W-Horizon 
Sample No. MSH59 (2-2) MSH59 (1-2)  
  Cpx with Opx lamellae Opx lamellae 
Wt % 
  SiO2 51 51 
TiO2 0.68 0.23 
Al2O3 1.7 0.5 
Cr2O3 0.00 0.00 
FeO 12 28 
MnO 0.43 0.97 
CoO 0.02 0.00 
NiO 0.00 0.02 
MgO 12 17 
CaO 21 1 
Na2O 0.31 0.02 
Total 99.8 99.3 
Calculated formula based on 6 oxygen 
Si 1.95 1.99 
Ti 0.02 0.01 
Al 0.07 0.02 
Cr 0.00 0.00 
Fe 0.39 0.90 
Mn 0.01 0.03 
Co 0.00 0.00 
Ni 0.00 0.00 
Mg 0.69 0.98 
Ca 0.85 0.05 
Na 0.02 0.00 
Wo 0.44 0.03 
En 0.36 0.51 
Fs 0.2 0.47 
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Table 2-5 Representative trace-element compositions of pyroxene of selected samples 
from the mineralized and un-mineralized zones of the Marathon deposit. 
 
Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone Main Zone 
Sample No. G11-1I G11-1I 59395b 59395b M11-514-483.64 
Description Cpx-rim Cpx-core Opx with Cpx lamellae 
Cpx with Opx 
lamellae 
Cpx with Opx 
lamellae 
ppm 
     Na 2000 2000 600 2000 2000 
Mg 80000 80000 90000 80000 100000 
Al 10000 10000 3000 8000 10000 
S 4000 1000 - - - 
Ca 100000 100000 40000 100000 100000 
Sc 70 70 40 90 100 
Ti 3000 4000 1000 3000 4000 
V 200 400 100 300 400 
Cr 30 100 20 60 80 
Mn 3000 3000 9000 5000 3000 
Co 20 20 70 60 60 
Ni 9 6 60 60 80 
Cu 2 2 0.4 3 0.6 
Rb 0.3 0.2 - 0.2 0.2 
Sr 50 50 7 30 40 
Y 30 30 20 50 30 
Zr 80 60 20 70 40 
La 20 20 1 7 10 
Ce 60 60 6 30 30 
Nd 40 40 6 30 30 
Sm 9 9 2 8 7 
Eu 2 2 0.3 1 2 
Gd 8 7 2 9 6 
Dy 6 5 2 8 5 
Er 3 3 2 4 3 
Yb 3 3 2 5 2 
Lu 0.6 0.4 0.3 0.6 0.4 
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Cont. 
Zone Main Zone Main Zone Main Zone Main Zone Main Zone 
Sample No. M11-514-483.64 G10-8I G10-8I G10-8I G10-8I 
Description Cpx without lamellae-type 1 
Cpx with 
zonation-rim 
Cpx with 
zonation-core 
Opx without 
lamellae 
Cpx with 
patchy zoning-
core 
ppm 
     Na 3000 2000 3000 200 2000 
Mg 90000 100000 100000 100000 100000 
Al 20000 8000 10000 5000 10000 
S - 900 900 500 500 
Ca 200000 100000 200000 10000 100000 
Sc 100 90 90 40 90 
Ti 5000 2000 4000 2000 4000 
V 500 100 400 100 400 
Cr 40 40 200 50 200 
Mn 2000 3000 2000 5000 3000 
Co 50 50 50 100 60 
Ni 80 100 100 200 200 
Cu 0.9 7 2 0.7 4 
Rb 0.3 - - - 0.3 
Sr 60 30 50 0.3 30 
Y 20 40 20 9 30 
Zr 50 100 40 30 200 
La 8 20 7 0.2 20 
Ce 30 60 30 1 80 
Nd 30 50 20 1 40 
Sm 6 10 6 0.6 10 
Eu 2 1 2 0.08 2 
Gd 6 10 6 0.9 8 
Dy 4 9 5 1 7 
Er 2 5 2 1 3 
Yb 2 4 2 2 3 
Lu 0.3 0.5 0.3 0.3 0.5 
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Cont. 
Zone Main Zone Main Zone Main Zone Main Zone above Main Zone 
Sample No. G10-8I G10-3I G10-3I G10-3I M07-346-65.03 
Description  Cpx with patchy zoning-rim 
Opx without 
lamellae 
Cpx with 
Opx lamellae 
Cpx without 
lamellae-type 1 
Cpx without 
lamellae 
ppm 
     Na 3000 100 2000 2000 3000 
Mg 100000 100000 90000 100000 90000 
Al 10000 4000 6000 20000 6000 
S 600 - - 1000 - 
Ca 100000 7000 100000 200000 200000 
Sc 90 40 100 100 100 
Ti 5000 1000 2000 4000 2000 
V 400 100 400 400 300 
Cr 300 100 800 500 20 
Mn 3000 6000 5000 2000 3000 
Co 60 100 60 50 50 
Ni 200 100 80 100 70 
Cu 4 0.9 1 1 1 
Rb - - - - - 
Sr 40 0.7 30 60 40 
Y 20 10 60 20 40 
Zr 30 6 50 30 90 
La 6 0.3 10 7 20 
Ce 20 0.9 50 30 50 
Nd 20 0.9 50 20 40 
Sm 5 0.5 10 6 10 
Eu 1 0.06 1 2 2 
Gd 5 0.9 10 5 9 
Dy 4 2 10 4 8 
Er 2 1 6 2 4 
Yb 2 2 6 2 4 
Lu 0.3 0.3 0.8 0.3 0.7 
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Cont. 
Zone W-Horizon W-Horizon W-Horizon W-Horizon W-Horizon 
Sample No. MSH59 MSH59 59297 59297 MSH54-2 
Description  cpx with opx lamellae 
cpx without 
lamellae-type 2 
cpx with opx 
lamellae 
cpx without 
lamellae-type 2 
cpx with 
zonation-core 
ppm 
     Na 2000 2000 2000 2000 2000 
Mg 80000 80000 80000 80000 90000 
Al 9000 10000 10000 3000 20000 
S - - - - - 
Ca 100000 100000 100000 100000 200000 
Sc 100 100 80 90 100 
Ti 3000 3000 3000 500 4000 
V 100 200 200 200 400 
Cr 8 10 30 70 400 
Mn 5000 4000 4000 3000 2000 
Co 50 50 60 50 50 
Ni 10 10 80 70 200 
Cu 50 200 2 0.8 - 
Rb - 0.8 0.8 0.2 - 
Sr 30 40 40 10 50 
Y 40 30 40 40 20 
Zr 50 50 40 60 30 
La 10 10 10 20 10 
Ce 40 40 40 60 30 
Nd 40 40 40 40 20 
Sm 9 8 9 10 5 
Eu 2 2 2 2 1 
Gd 9 8 8 9 5 
Dy 8 7 7 8 4 
Er 4 4 4 5 2 
Yb 4 3 4 4 2 
Lu 0.6 0.5 0.7 0.7 0.3 
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Cont. 
Zone W-Horizon W-Horizon W-Horizon W-Horizon W-Horizon 
Sample No. MSH54-2 MSH54-3 MSH54-3 MSH54-4 MSH54-4 
Description  cpx with zonation-rim 
cpx with 
zonation-rim 
cpx with 
zonation-core 
cpx with 
zonation-rim 
cpx with 
zonation-core 
ppm 
     Na 2000 2000 2000 3000 3000 
Mg 90000 100000 100000 100000 90000 
Al 20000 20000 20000 20000 20000 
S - - - - - 
Ca 200000 200000 200000 100000 100000 
Sc 100 100 100 100 100 
Ti 5000 4000 4000 4000 4000 
V 400 400 400 400 500 
Cr 400 500 400 100 80 
Mn 2000 2000 2000 2000 2000 
Co 50 50 50 50 50 
Ni 200 200 200 100 100 
Cu - 1 0.8 0.9 0.9 
Rb - - - - 0.2 
Sr 50 60 60 50 50 
Y 30 20 20 20 20 
Zr 100 50 40 30 30 
La 20 10 8 10 6 
Ce 60 40 30 40 20 
Nd 40 30 20 20 20 
Sm 10 7 6 5 5 
Eu 2 2 2 2 1 
Gd 8 6 5 4 4 
Dy 7 5 4 4 3 
Er 3 2 2 2 2 
Yb 3 2 2 2 2 
Lu 0.5 0.3 0.3 0.2 0.2 
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Table 2-6 Representative single pyroxene thermometry using Putrika (2008) method.     
 
Sample Zone Description TP (08Eq32d-Cpx) (0C) 
59395 (2-1)                           Footwall Zone Cpx host 1,118 
59395 (2-2) Footwall Zone Cpx lamellae 1,121 
59395 (1-1) Footwall Zone Cpx lamellae 1,121 
59395 (1-2) Footwall Zone Cpx host 1,115 
59395 (1-3) Footwall Zone Cpx lamellae 1,117 
59395 (1-4) Footwall Zone Cpx host 1,114 
M11-514-483.64 (2-1)-1 Main Zone Cpx without lamellae 1,141 
M11-514-483.64 (2-1)-2 Main Zone Cpx without lamellae 1,138 
M11-514-483.64 (2-1)-3 Main Zone Cpx without lamellae 1,144 
M11-514-483.64 (1-1) Main Zone Cpx lamellae 1,129 
M11-514-483.64 (1-2) Main Zone Cpx host 1,127 
M11-514-483.64 (2-5) Main Zone Cpx host 1,134 
59382 (2-1)  cpx lamella Main Zone Cpx lamellae 1,141 
59382 (2-2) Main Zone Cpx host 1,137 
59382 (1-1) Main Zone Cpx lamellae 1,132 
59382 (1-2) Main Zone Cpx host 1,131 
59290 (2-1) W Horizon Cpx without lamellae 1,136 
59290 (2-2) W Horizon Cpx without lamellae 1,134 
59290 (2-2) W Horizon Cpx without lamellae 1,130 
59290 (1-1)-1 W Horizon Cpx without lamellae 1,136 
59290 (1-1)-2 W Horizon Cpx without lamellae 1,132 
59297 (1-3) W Horizon Cpx without lamellae 1,130 
59423(1) px 1-1                                                                  Below W Horizon Cpx without lamellae 1,145 
59423(1) px 1-2 Below W Horizon Cpx without lamellae 1,134 
59423 (2) px 1 Below W Horizon Cpx without lamellae 1,142 
G10-8I (1) px 1-1 Main Zone Cpx without lamellae 1,142 
G10-8I (1) px 1-2 Main Zone Cpx without lamellae 1,143 
G10-8I (2) px 1-1 Main Zone Cpx host 1,135 
G10-8I (2) px 1-3 Main Zone Cpx without lamellae 1,136 
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Chapter 3 
The role of externally derived sulfur in the genesis of the Cu-PGE 
mineralization in the Coldwell Complex, Ontario: Evidence from sulfur 
isotope studies 
3.1 Introduction 
The most widely accepted model for the genesis of magmatic Ni-Cu-PGE deposits 
involves sulfide liquid immiscibility from a silicate melt. Basaltic melts can become 
sulfur saturated by extensive low-pressure crystal fractionation, but assimilation of sulfur 
from crustal sources has been suggested as a more realistic mechanism for generating the 
relatively large amounts of sulfide required for economic deposits (Ripley and Li, 2003), 
and many studies have concluded that country rock assimilation is, in general, a critical 
factor in the formation of magmatic sulfide deposits (Li and Naldrett, 1999; Ripley and 
Li, 2003). Other researchers, however, have argued that addition of sulfur is not required 
to form large economic ore bodies, and that assimilation of siliceous contaminants can 
also decrease sulfide solubility and therefore cause sulfide immiscibility (Lightfoot and 
Hawkesworth, 1997; Ripley and Li, 2013; Seat et al., 2009). Lehmann et al. (2007) also 
suggested that an increase in oxygen fugacity due to assimilation of carbonate in the 
Jinchuan Ni-Cu-PGE deposit could decrease sulfide solubility and therefore cause sulfur 
saturation without addition of any externally-derived S.  
Sulfur isotopes can be used to evaluate the role of assimilation of externally derived 
(crustal) sulfur if the sulfur isotope signature of the country rocks is dissimilar to the 
isotopic composition of the original, mantle-derived magmas  (δ34S = 0 ± 2‰), (Ripley 
and Li, 2003; Lesher and Burnham, 2001). Sulfide-rich deposits, hosted within sulfide-
bearing country rocks, are commonly characterized by a wide range of δ34S, suggesting 
assimilation of country-rock sulfur. Examples where this mechanism has been invoked 
include Noril’sk, Voisey’s Bay, and the Duluth Complex (Ripley and Li, 2003; Lightfoot 
and Hawkesworth, 1997; Ripley et al., 2002; Arcuri et al., 1998; Ripley and Al-Jassar, 
1987). There are exceptions, such as the Nebo-Babel deposit in Australia (Seat et al., 
2009), and the Jinchuan deposit in China (Lehmann et al., 2007) that are hosted by S-poor 
	 124 
country rocks, and where it has been argued that sulfur saturation occurred without 
incorporation of crustal sulfur. Sulfur isotope studies of S-poor Cu-PGE deposits such as 
the Merensky reef and Platreef in the Bushveld complex and the J-M reef in the Stillwater 
complex, indicate only a mantle sulfur source, and either no or little evidence of addition 
of externally derived sulfur (Ripley and Li, 2003). For Archean rocks, mantle-derived and 
crustal sulfides may have similar δ34S values, but assessment of multiple sulfur isotopic 
values (i.e. Δ33S and Δ36S; Farquhar and Wing, 2003) can provide an additional means of 
assessing S sources, such as from crustal contamination (Ripley and Li, 2013; Fiorentini 
et al., 2012). For example, Ding et al. (2012) used δ34S and Δ33S data to show that 
multiple sources of sulfur were involved in the genesis of the Eagle deposit in northern 
Michigan, where semi-massive sulfides show a broad range of Δ33S, suggesting a 
significant contribution from an Archean source. Consequently, sulfur isotopic data can 
be used to assess whether or not significant amounts of S have been contributed by 
assimilation of crustal rocks, but would not be able to identify assimilation of S-poor 
contaminants (e.g., siliceous or carbonate country rocks) where magmas would retain 
their mantle S isotopic signature. Even if assimilation of S-rich rocks did occur, however, 
it is possible that subsequent re-equilibration and isotopic exchange between sulfide 
minerals or liquid with new batches of magma, such as is likely in relatively long-lived 
magma conduits, may mask any assimilation signal through dilution (Ripley and Li, 
2003; Ripley and Li, 2013).  
The Marathon and Geordie Lake Cu-PGE deposits are located in the Proterozoic 
Coldwell alkaline complex in northwestern Ontario. The Marathon deposit is hosted 
within the Two Duck Lake (TDL) gabbro, at the eastern margin of the complex (Fig. 3.1), 
which intrudes Archean metavolcanic rocks. The Geordie Lake deposit is hosted within 
the Geordie Lake gabbro (GLG), in the north-central part of the complex (Fig. 3.1), close 
to the contact with syenites of the Coldwell Complex. Mineralization in the Marathon 
deposit occurs in three distinct zones with different textural and geochemical 
characteristics; Footwall Zone, Main Zone, and W Horizon. A role for crustal 
assimilation in the genesis of the Marathon deposit has been suggested but not tested in 
previous studies, and no sulfur isotope studies have been carried out on either deposits. In 
the Marathon deposit, Good and Crocket (1994a) suggested that assimilation of S from 
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country rocks into the magma at depth could have resulted in sulfide liquid immiscibility. 
Barrie et al. (2002) speculated that the composition of the intermediate to felsic Archean 
metavolcanic country rocks at Marathon may have played a role in the formation of the 
deposit. They suggested that the partial melting or dehydration of the country rocks and 
their assimilation by mantle-derived, S-undersaturated magmas could have resulted in the 
formation of an immiscible sulfide liquid (Barrie et al., 2002).  Recently, a multistage 
dissolution upgrading model has been proposed for the W Horizon mineralization in the 
Marathon deposit (Ruthart, 2013; Good, 2010).  A role for crustal assimilation has not 
been suggested for the Geordie Lake deposit. Mulja and Mitchell (1991) suggested that 
the parental magma to the GLG was relatively evolved, and that sulfur saturation 
occurred as a result of rapid cooling and fractional crystallization. Good and Crocket 
(1994b), however, proposed a late-stage deuteric hydrothermal process for formation of 
the Geordie Lake mineralization, in which the highly evolved interstitial magma became 
enriched in Cu and Pd during magma migration upward through the partially crystallized 
gabbro. In this study we utilize multiple S isotope ratios (a combination of δ34S, Δ33S, and 
Δ36S) to assess whether contamination of the mafic magmas that host the Cu-Pd deposits 
in the Coldwell Complex has occurred, and to determine the sulfur reservoirs.  
3.2 Geology  
3.2.1 Regional Geology 
The Proterozoic Coldwell alkaline complex (Fig. 3.1) is a large, unmetamorphosed, 
undeformed composite intrusive body (Walker et al., 1993) emplaced at 1108 ± 1 Ma 
(Heaman and Machado, 1992). It is associated with the Mid-Continent Rift System and 
was emplaced into Archean metavolcanic, metasedimentary, and granitic plutonic rocks. 
This sub-circular complex has been subdivided into three intrusive centers (I, II and III) 
(Currie, 1980; Mitchel and Platt, 1982; Walker et al., 1993). Center I comprises syenite, 
syenodiorite, layered ferroaugite-amphibole syenite and a gabbroic unit (Eastern Gabbro), 
which hosts the Marathon deposit (Walker et al. 1993) (Fig. 3.1). Center II consists of 
silica-undersaturated rocks, including nepheline-bearing alkali biotite gabbro, miaskitic 
hastingsite nepheline syenite and minor lamprophyres and tinguaite dikes (Fig. 3.1) 
(Mitchell and Platt, 1982; Mitchell et al., 1991). Center III comprises silica-oversaturated 
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rocks including magnesio-hornblende syenite, ferro-edenite syenite, quartz syenite, and 
minor granites (Mitchell and Platt, 1978; Mitchell et al., 1991). Center I is the oldest 
intrusive phase, which was followed by the emplacement of Center III and then finally 
Center II (Kulakov et al., 2014). 
3.2.2 Geology of the Marathon Deposit 
The geology of the Marathon deposit has been reported in detail by Good et al. (2015) 
and in Chapter 2 and what follows is a summary of features that are relevant to this study. 
At the Marathon deposit, at least three distinct intrusive series have been recognized on 
the basis of cross-cutting relationships, geochemistry, and petrographic characteristics 
(Good et al., 2015). The three series are: 1) metabasalt, 2) Layered Series, and 3) 
Marathon Series, all of which comprise the Eastern Gabbro (Figs. 3.1 & 3.2). 
The Two Duck Lake gabbro (TDLG) belongs to the Marathon Series, and is the principal 
host to the Marathon mineralization. It intruded the Layered Series, metabasalt, and 
footwall rocks, which, in the vicinity of the Marathon deposit, comprise Archean 
intermediate pyroclastic metavolcanic rocks. Due to heating by the Eastern Gabbro, the 
Archean footwall rocks have undergone partial melting and form what is referred to as 
rheomorphic intrusive breccia (RIB) (Currie, 1980; Good et al., 2015).  The TDLG 
comprises vari-textured, medium- to coarse-grained ophitic gabbro that in some places 
contains irregular pegmatitic pods, and also xenoliths of metabasalt and Archean 
metavolcanics. The Marathon deposit comprises three mineralized zones (the Footwall 
Zone, the Main Zone, and the W Horizon) that are sub-parallel to one another (Fig. 3.3), 
and have different textural, mineralogical and geochemical characteristics (Good et al. 
2015) (Table 1.1 in Chapter 1). The measured and indicated resource for the Marathon 
deposit is 97.4 million tons at 0.27% Cu, 0.75 ppm Pd, 0.23 ppm Pt, and 0.09 ppm Au. 
Approximately 70% of the 97 million tons occurs within the Main Zone and the rest is 
within the other zones of mineralization (Puritch et al., 2009).  
The Footwall Zone occurs at the base of the TDLG at the contact with the Archean 
country rocks and comprises semi-massive to net-textured magmatic sulfides. The Main 
Zone occurs within the TDLG, above the Footwall Zone, and is the thickest and most 
continuous zone of mineralization. In contrast to the Footwall Zone, sulfide minerals in 
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the Main Zone are disseminated and interstitial to the silicate phases (Watkinson and 
Ohnenstetter, 1992; Samson et al., 2008). In the northern part of the deposit, the Main and 
Footwall zones are in contact such that there is a gradual change from semi-massive to 
disseminated sulfide minerals (Fig. 3.3).  Further south, the Main and Footwall zones are 
thinner and discontinuous, are separated from one another, and the Main Zone is located 
stratigraphically above the Footwall Zone.  The W Horizon occurs in the southern part of 
the deposit and lies above the Main Zone (Fig. 3.3). The W Horizon also consists of 
disseminated sulfide minerals, but is distinguished from the Main Zone by containing 
lower modal abundances of hydrous minerals, a different suite of PGM (Good et al., 
2016), less pyrrhotite and appreciably more bornite, lower bulk S contents, and higher 
PGE grades (Good, 2010; Ruthart, 2013). In addition, the various mineralized zones have 
considerably different Cu/Pd ratios (Good et al., 2015) (Table 1-1 in Chapter 1). 
3.2.3 Geology of the Geordie Lake Deposit 
The Geordie Lake deposit is hosted by the Geordie Lake gabbro (GLG), which is located 
near the center of the Coldwell Complex, approximately 12 km west of the Marathon 
deposit (Drennan and Fell, 2010). The GLG comprises troctolite, including skeletal 
olivine and magnetite, and olivine gabbro. Based on compositional similarities, these two 
rock types are interpreted to have been derived from melts with similar compositions 
(Mulja and Mitchell, 1991). The GLG is bounded by syenite intrusions and the 
mineralization occurs at the base of the intrusion, in contact with the eastern syenite (Fig. 
3.4). Alteration is a common feature of the GLG, and consists of actinolite after magnetite 
and clinopyroxene, sericite, and albite after plagioclase, as well as albite mantles on 
plagioclase laths (Mulja and Mitchell 1991; Good and Crocket 1994b; Meghji 2011). 
Albite (Ab95-99) occurs as rims on plagioclase (An45-57) and is also concentrated in pods, 
which occur as irregular discontinuous patches consisting of predominantly albite and 
minor hornblende, biotite, and actinolite (Good and Crocket, 1994b). Mineralization 
occurs as disseminated sulfides and is mostly associated with altered, rather than 
unaltered, troctolite (Meghji 2011). A number of similarities between the GLG and the 
TDLG have been reported, including crystallization history, mineral composition, and 
trace element geochemistry, although some significant differences also have been 
identified. For example, albitization is more abundant, and evidence for later metal 
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remobilization after early magmatic mineralization is more prevalent at Geordie Lake 
than at Marathon (Good and Crocket, 1994b; Meghji, 2011).        
3.3 Sample Selection and Methods 
A total of 34 representative samples from the Marathon and Geordie Lake deposits were 
selected for sulfur isotope studies (Table 3.1). Detailed information about sample 
locations, including drill core numbers and surface sample coordinates can be found in 
Appendix 2. These samples represent all of the textural varieties of sulfide minerals in the 
two deposits, as well as sulfide minerals from the Archean metavolcanic country rocks 
and from the syenite of the Coldwell Complex.  
Nine samples of typical sulfide mineralization from the three mineralized zones at 
Marathon, as well as 2 samples of Archean country rocks were selected for in situ SIMS 
analysis of δ34S. Of the nine mineralization samples, eight came from drill core and one 
was a surface sample.  The country rock samples were both from drill core, one from a 
borehole within the mineralized zones and another from farther east, away from the 
deposit.     
In addition, nine samples from the three mineralized zones at Marathon were selected for 
sulfide mineral separation and Δ33S measurement (Table 3.1). One of the nine samples 
was a surface sample. These samples were chosen mostly based on their distance from the 
basal contact of the TDLG, but also to represent the various textures of the sulfide 
minerals. These comprise two samples from the Footwall Zone, two samples from 
transition between the Footwall and Main zones, three samples from the Main Zone, and 
two samples from the W Horizon.      
Eleven drill core samples and three surface samples from the Geordie Lake deposit were 
selected for SIMS analysis. These samples were taken from different parts of the deposit 
and represent different rock types, including syenite. They also represent the range of 
textures exhibited by sulfide minerals.  
Sulfur isotope analyses were carried out on pyrrhotite (n=17), chalcopyrite (n=35) and 
pyrite (n=2) from mineralized zones and pyrite from the footwall rocks (n=5) of the 
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Marathon deposit (Tables 3.2 & 3.4) and also on pyrrhotite (n=3), chalcopyrite (n=46) 
and pyrite (n=5) from gabbro and syenite of the Geordie Lake deposit (Table 3.3). 
For SIMS analysis, 1-inch diameter polished mounts from small slabs of selected sulfide-
bearing rocks were prepared, and all samples were sputter-coated with Au. The sulfur 
isotope analyses were performed using the Cameca IMS 4f Secondary Ion Mass 
Spectrometer at the MAF-IIC Microanalysis Facility of Memorial University, St. John’s, 
Newfoundland. The analyses were conducted by bombarding the sample with a Cs+ 
primary-ion microbeam of 800 to 1200 pA, with an accelerating potential of 10 KeV, 
focused into a 5 to 15 µm diameter spot. The surface gold coating was locally penetrated 
by pre-sputtering for 180 s with a 25 µm square raster. To improve the homogeneity of 
primary-ion delivery, a smaller square raster (5 to 15 µm) was also applied to the beam 
during analysis. The accelerating voltage of negatively-charged secondary ions into the 
mass spectrometer was 4.5 KeV.  Using the simple 150 µm transfer lens mode with a 
field aperture of 1800 µm, resulted in a 125 µm field of view in the mass spectrometer. 
Cyclical magnetic peak switching was used to obtain signals for 32S-, 34S-, and a 
background position at 31.67 Da, with counting times of 2 s, 6 s and 0.5 s, respectively. 
For magnet settling between each peak counting position, a waiting time of 0.25 s was 
included. An ETP 133H multiple-dynode electron multiplier and ECL-based pulse-
counting electronics with an overall dead time of 12 ns were used for collecting and 
processing all signals. Background measurements at mass 31.67 Da were routinely less 
than 0.05 to 0.1 counts per second. Primary-beam currents were adjusted appropriately 
for each sulfide phase to maintain count rates on 32S- between 800,000 and 1,100,000 
counts per second. The magnitude of instrumental mass fractionation (IMF) is not 
constant for all sulfide minerals. Therefore, measured 34S/32S ratios were corrected for 
IMF by comparison to replicates of mineral-specific reference materials; UL9B (pyrite; 
δ34S: +16.4‰), PoW1 (pyrrhotite; δ34S: +3.0‰) and Norilsk (chalcopyrite; δ34S: +8.4‰). 
The accepted values for these reference materials listed here were determined by analysis 
of replicate aliquots at McGill University (using the approach described below) providing 
a common reference for comparison of SIMS and isotope ratio mass spectroscopy 
(IRMS) determinations of δ34S in this study. All sulfur isotope data are reported relative 
to Vienna Cañon Diablo Troilite (V-CDT). Analyses produced internal precisions on δ34S 
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of typically better than ±0.2 ‰ (1σ) and overall reproducibility was typically better than 
±0.35 to 0.40 ‰ (1σ).  
For multiple sulfur isotope measurements (Δ33S, Δ36S), nine samples from three 
mineralized zones at Marathon were selected, crushed, and sieved to liberate chalcopyrite 
and pyrrhotite from each other and from silicate, oxide, and other sulfide minerals. Then, 
chalcopyrite and pyrrhotite were separated from each sample by handpicking under a 
binocular microscope. The sulfur isotopic composition of these samples was measured at 
the Department of Earth and Planetary Sciences, McGill University. All samples were 
pulverized and reacted with a Cr-reducing solution at approximately 85°C to liberate 
sulfur from sulfide minerals as H2S. The H2S was then trapped using a 4% (w/w) zinc 
acetate solution and reacted with AgNO3 solution (0.1 N) to produce Ag2S, which was 
subsequently filtered and rinsed multiple times with NH4OH solution (1N) and Milli-Q 
water and dried in an oven at 70°C (cf. Ono et al., 2006). This Ag2S was fluorinated in a 
nickel reaction vessel at approximately 250°C under excess F2 to produce SF6. The SF6 
was purified cryogenically and chromatographically, and analyzed using a 
ThermoFinnigan MAT 253 dual-inlet gas-source mass spectrometer. All sulfur isotope 
data are reported relative to Vienna Cañon Diablo Troilite (V-CDT). The precision of 
analyses (1σ) is better than 0.05‰ for δ34S values, 0.01‰ for Δ33S values, and 0.1‰ for 
Δ36S values. Uncertainties in the measurements (1σ) based on analytical reproducibility 
are better than 0.1‰, 0.01‰, and 0.2‰ for δ34S, Δ33S, and Δ36S values, respectively.  
Whole rock assay data for the ore metals were obtained from Stillwater Canada Inc. The 
analyses were conducted by ALS Labs using atomic absorption spectroscopy (AAS) for 
copper, and fire-assay followed by ICP-atomic emission spectroscopy (ICP-AES) for Au, 
Pt, and Pd. The estimated accuracy and precision of the analyses are, respectively, better 
than 16 and 10% for Au, 16 and 13% for Pt, 8 and 6% for Pd, and 4% and 3% for Cu.  
3.4 Results 
3.4.1 Sulfide Mineral Textures 
3.4.1.1 The Marathon Deposit 
Sulfide minerals in the TDLG occur as massive to semi-massive accumulations and 
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disseminations, and comprise variable proportions of chalcopyrite, pyrrhotite, bornite, 
minor pentlandite, and accessory pyrite and cubanite (Fig. 3.5). Sulfide minerals occur in 
three zones: the Footwall Zone, Main Zone, and W Horizon, which differ in sulfide 
abundance and texture, and in metal and sulfur concentrations. The Footwall Zone is 
characterized by massive to semi-massive sulfide, but contains low concentrations of 
PGE, whereas the W Horizon, with the lowest abundance of sulfide minerals, contains the 
highest grades of PGE mineralization in the deposit. The Main Zone, which contains most 
of the Cu and PGE resource, has intermediate sulfide and PGE contents.  Some sulfide 
minerals also occur locally in the metabasalt xenoliths and in the Archean country rocks, 
and consist of pyrrhotite>chalcopyrite>pyrite in the former, and predominantly pyrite in 
the latter.   
The Footwall Zone occurs at the margin of the TDLG in contact with Archean 
metavolcanic rocks, is less than one meter thick, and comprises massive to semi-massive 
sulfide minerals (Fig. 3.5a). In order of decreasing abundance, the sulfide minerals consist 
of pyrrhotite with minor chalcopyrite, pentlandite, and pyrite. Chalcopyrite occurs as 
patches within pyrrhotite, mostly adjacent to, or rimming, silicate minerals or as 
aggregates. Pentlandite is a minor component, and occurs as small flames in pyrrhotite. 
Massive sulfide minerals enclose crystals and aggregates of plagioclase and 
clinopyroxene. 
The Main Zone and W Horizon differ from the Footwall Zone in that sulfide minerals in 
the former occur disseminated through the gabbros. In the Main Zone, chalcopyrite is the 
most abundant sulfide mineral. Pyrrhotite is generally less abundant but is normally 
present. Pentlandite, pyrite and cubanite are less abundant and are not always present on 
the scale of a thin section. Cubanite occurs only as exsolution lamellae in chalcopyrite. 
Sulfide minerals in the W Horizon are characterized by, in order of decreasing 
abundance, disseminated chalcopyrite, bornite ± pyrrhotite, pentlandite, cubanite, and 
pyrite. In both zones, sulfide minerals occur as monomineralic grains or interstitial 
polycrystalline aggregates.  In both the Main Zone and the W Horizon, sulfide mineral 
aggregates that occur interstitially to anhydrous silicate minerals and magnetite, 
chalcopyrite has smooth, rounded to cuspate equilibrium boundaries with pyrrhotite and 
pentlandite, and these sulfide minerals have equilibrium boundaries with the enclosing 
	 132 
silicates and oxides. This is also the case where the sulfide minerals occur as inclusions 
within pyroxene and plagioclase. Although monomineralic grains of bornite and 
chalcopyrite are present in the W Horizon, bornite is mostly represented by flame-like 
exsolution features within chalcopyrite (Fig. 3.5d). These interstitial sulfide minerals can 
extend into thin films between grains and into fractures or cleavage planes in adjacent 
unaltered pyroxene.  They may also be partially included within pyroxene and in some 
cases enclose islands of pyroxene that are in optical continuity with the main mass of 
pyroxene.  It is also common for chalcopyrite and pyrrhotite to occur along cleavage/twin 
planes in plagioclase, either adjacent to interstitial sulfide or where there is no adjacent 
interstitial sulfide mineral. In some samples, chalcopyrite occurs as inclusions in Ca-rich 
resorption rims of plagioclase crystals (Fig. 3.5e). In addition, chalcopyrite has been 
replaced by magnetite. Sulfide mineral inclusions occur disseminated through unaltered 
pyroxene in some samples. These are generally rounded/globular. In most samples, these 
sulfide mineral inclusions only occur in the pyroxene, and are absent from the plagioclase 
and olivine.  Despite the fact that the Main Zone and W Horizon share some similarities, 
they have some notable differences. Although obviously magmatic chalcopyrite is present 
in the Main Zone, the majority of the chalcopyrite in the Main Zone exhibits 
disequilibrium textures, has replaced pyrrhotite, and is commonly intergrown with 
hydrous silicate minerals, mostly actinolite, that have principally replaced pyroxene, and 
to a lesser extent, plagioclase and magnetite (Fig. 3.5c & f). In these assemblages, 
variable amounts of anhedral, ragged pyrrhotite grains occur in a matrix of chalcopyrite. 
In reflected light, clusters of isolated but adjacent pyrrhotite grains are in optical 
continuity, indicating that they were at one time larger crystals that have been partially 
replaced. Pentlandite flames occur within both the pyrrhotite and chalcopyrite, the latter 
being consistent with selective chalcopyrite replacement of pyrrhotite but not pentlandite. 
Secondary chalcopyrite also occurs interstitially to crystals of actinolite and chlorite that 
have replaced pyroxene, and as larger grains in the center of alteration patches. Although 
pyrrhotite, and its replacement by chalcopyrite, is a common texture in the Main Zone, it 
is rarely present in the W Horizon. In contrast, bornite is rare in the Main Zone but is very 
common in the W Horizon. As opposed to the Main Zone, however, sulfide minerals in 
the W Horizon occur mostly in association with magmatic euhedral biotite and zoned 
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hornblende. 
3.4.1.2 The Geordie Lake Deposit 
Sulfide minerals in the Geordie Lake gabbro consist of predominantly disseminated 
chalcopyrite and bornite that are generally associated with secondary hydrous minerals 
(Fig. 3.6a & b). Minor pyrite, pyrrhotite, pentlandite and digenite are also present (Fig. 
3.6c). Chalcopyrite most often contains bornite exsolution flames and is commonly 
associated with magnetite. This assemblage is commonly replaced by a later-stage 
assemblage of chalcopyrite and magnetite (Fig. 3.6d), which is invariably intergrown with 
hydrous silicate minerals (actinolite, sericite, chlorite, biotite). Most late-stage 
chalcopyrite also contains bornite exsolution lamellae. Where pyrrhotite is present, it is 
also replaced by late-stage chalcopyrite and magnetite. Monomineralic grains of bornite 
and polycrystalline aggregates of bornite and chalcopyrite are also present. In the 
aggregates, bornite grains have smooth, rounded, equilibrium boundaries with 
chalcopyrite. Where the gabbro has been overprinted by albite, bornite grains contain 
chalcopyrite exsolution lamellae (Fig. 6e) in which the lamellae occur in three 
crystallographic orientations. In some samples, chalcopyrite is replaced by sphalerite 
(Fig. 3.6f). Chalcopyrite and bornite also occur in veins that mainly comprise magnetite 
(Fig. 3.7a & b) as well as in veins dominated by actinolite and/or chlorite (Fig. 3.7c, d, & 
f).  The syenite that is bounded the GLG, and which postdates the gabbro, contains minor 
mineralization, which comprises predominantly chalcopyrite that has been largely 
replaced by either magnetite or sphalerite (Fig. 3.6f). Bornite is also present, both as 
monomineralic grains and as exsolution flames within chalcopyrite, but is not as abundant 
as in the gabbro. In a given sample, pyrite occurs as both euhedral and anhedral crystals. 
3.4.2 Sulfur Isotopes 
The δ34S values from SIMS analysis of pyrrhotite and chalcopyrite from the three 
mineralized zones at Marathon range from -0.3 to 1.2‰ and -1.5 to 1.6‰, respectively 
(Fig. 3.8; Table 3-2). This includes all textural varieties of these minerals. In the Main 
Zone, δ34SPy values range from -0.5 to 1.4‰. Pyrrhotite and chalcopyrite with different 
textures exhibit slightly different ranges in their δ34S values (Fig. 3.8). The massive 
sulfides from the Footwall Zone have a higher average δ34S value than other textural 
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types of disseminated sulfide from the Main Zone and W Horizon. Pyrite from two 
samples of Archean metavolcanic country rock show a wide range of δ34S values (-2.6 to 
4.7‰), with an average near 0 per mil (0.17‰) (Fig. 3.8); chalcopyrite in these rocks was 
too fine-grained to analyze. Pyrite from Archean metavolcanic rocks obtained from a 
borehole located within the mineralized area has δ34S values ranging from 3.4 to 4.7‰, 
whereas pyrite obtained from a borehole located farther from mineralization has δ34S 
ranging from -2.0 to -2.6‰ (Table 3-2). 
The δ34S values of nine representative samples from the mineralized zones at Marathon 
that were determined by mineral separation and fluorination mass spectroscopy cover a 
narrower range than the SIMS values (Fig. 3.9; Table 3-4). Pyrrhotite has δ34S values 
from 1.3 to 2.2‰ and chalcopyrite has δ34S values from -0.5 to 2.0‰. Neither the SIMS 
nor the mineral separate data for the gabbro-hosted sulfide minerals show any systematic 
variation in δ34S with distance from the basal contact (Fig. 3.9).  
For comparison with the Marathon data set, SIMS analysis was performed on 14 samples 
from the Geordie Lake deposit. Chalcopyrite, pyrrhotite, and pyrite from both the gabbro 
and syenite were analyzed (Tables 3-1 & 3.3). Only one sample contains pyrrhotite that 
has been replaced by chalcopyrite. In this sample, pyrrhotite and chalcopyrite exhibit 
different δ34S ranges, with δ34SPo of  -0.3 to -1.3‰ and δ34SCcp of 1.2 to 1.6‰ (Fig. 3.10). 
The δ34SCcp and δ34SPy values from gabbro range from -1.3 to 3.0‰, and 0.3 to 1.4‰, 
respectively. Sulfide minerals from gabbro with different textures exhibit different δ34S 
ranges (Fig. 3.10). Anhedral pyrite has higher δ34S values (0.3 to 1.4‰) than euhedral 
pyrite (0.4 to 0.5‰) (Fig. 3.10). Chalcopyrite grains from the chalcopyrite-bornite 
aggregates have higher δ34S values, and chalcopyrite in a magnetite vein has lower δ34S 
values, than other textural types of chalcopyrite (Fig. 3.10). Chalcopyrite from the syenite 
exhibits higher δ34S values (1.5 to 2.9‰) compared to chalcopyrite from the gabbro (Fig. 
3.11). The highly albitized gabbro contains sulfide minerals with lower δ34S values than 
other gabbro samples and that are also dissimilar to the δ34S values of sulfide minerals in 
the syenite, despite their close proximity to the syenite (Fig. 3.11). There is no correlation 
between δ34S value and distance from the contact with syenite (Fig. 3.12).  
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Multiple sulfur isotope measurements on samples of sulfide minerals from the Marathon 
deposit reveal evidence of mass-independent fractionation. All samples have negative 
Δ33S values (Table 3-4; Fig. 3.13a). The Δ33S values of sulfide minerals from the 
Footwall Zone range from -0.76 to -0.91‰. Sulfide minerals from the transition between 
the Main and Footwall zones have Δ33S values of -0.71 to -0.84‰. Sulfide minerals from 
the Main Zone are characterized by a wider range of Δ33S values, from -0.04 to -0.22‰, 
and sulfide minerals from the W Horizon have Δ33S values close to 0‰ (0.00 to -0.06‰) 
(Fig. 3.13a).  Values of Δ36S also show differences between the three zones, ranging from 
values close to 1‰ in the Footwall Zone to values around 0 ‰ in the W Horizon.  There 
is a strong negative correlation between Δ33S and Δ36S values, with an r value of -0.97 
(Fig. 3.13b).  Furthermore, there is a systematic variation of Δ33S values with respect to 
distance from the basal contact and relative to whole rock Cu/Pd ratios (Fig. 3.14a, b), in 
which Δ33S increases with increasing distance from the basal contact and decreases with 
increasing Cu/Pd ratio. Chalcopyrite and pyrrhotite with magmatic equilibrium textures, 
and which are close to the country rocks and Footwall Zone, are characterized by a 
significant negative Δ33S anomaly compared to mantle values. In samples that were 
analyzed for Δ33S that came farther from the country rocks, chalcopyrite has replaced 
pyrrhotite, is intergrown with hydrous minerals (Fig. 3.14a), and exhibits less anomalous 
Δ33S values.  
3.5 Discussion 
Sulfur saturation of a magma and separation of sulfide liquid is considered essential for 
the formation of magmatic Cu-PGE deposits. Many studies have concluded that external 
sulfur addition is required to attain sulfur saturation and thereby produce economic 
mineralization (Li and Naldrett, 1999; Ripley and Li, 2003; Sharman-Harris et al., 2005; 
Holwell et al., 2007; Ding et al., 2012; Ripley and Li, 2013). Others, however, have 
argued that sulfur saturation in mafic magmas could have been caused by other 
mechanisms, such as fractional crystallization or assimilation of Si-rich country rocks 
without any external sulfur addition (Lightfoot and Hawkesworth, 1997; Park et al., 2004; 
Li and Ripley, 2005; Tao et al., 2007; Ripley and Li, 2013; Seat et al., 2009). Lehmann et 
al. (2007) have shown that assimilation of carbonate may also decrease sulfur solubility 
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and cause sulfur saturation. Magma-magma mixing has also been suggested as an 
alternative for the attainment of sulfur saturation (Li and Ripley, 2009), although Ripley 
and Li (2013) argued that the amount of sulfide liquid formed by mixing of two magmas 
would be small and therefore may only result in sulfide-poor but PGE-rich deposits.  The 
formation of sulfide-rich, large tonnage deposits by such a process, however, is unlikely 
(Ripley and Li, 2013).   
3.5.1 The Marathon Deposit 
All δ34S values from the Marathon deposit are within the range of typical magmatic 
values (0 ± 2‰, Ohmoto and Rye, 1979) (Figs. 3.8 and 3.9), suggesting that mantle sulfur 
dominated the sulfur budget and that addition of sulfur from country rocks did not play a 
major role in the formation of the Marathon mineralization. Similar interpretations have 
been proposed for other deposits based on δ34S data. Seat et al. (2009), in a study of the 
Nebo-Babel Ni-Cu-PGE deposit in Western Australia, concluded that, because the δ34S 
values are within the range of mantle values, the mantle was the dominant source of 
sulfur, and that sulfur saturation occurred as a result of Si addition without external sulfur 
addition. In a study of the Platreef deposit, Holwell et al. (2007) proposed that the 
primary sulfide minerals in the Sandsloot-Witrivier area have a magmatic δ34S signature 
without any significant indication of externally-sourced sulfur. They also suggested that 
the sulfur saturation may have been triggered by contamination from silica-rich gneissic 
basement rocks. Unlike Marathon, sulfur isotope studies on Ni-Cu-PGE sulfide deposits 
in the Duluth Complex, which is also related to the ∼1.1 Ga midcontinent rift system, 
indicate that sulfur addition from Proterozoic metasedimentary country rocks was 
essential for sulfide liquation (e.g., Thériault and Barnes, 1998; Ripley et al., 2007).    
An alternative explanation for the observed δ34S values from the Marathon deposit is that 
sulfide assimilation from country rocks occurred, but the external sulfur had similar δ34S 
values to mantle sulfur. Ripley et al. (2002) have shown that sulfide minerals in country 
rocks to the Voisey’s Bay deposit are characterized by extremely variable δ34S values, 
with an average of 0‰. Ripley and Li (2013) also reported that in Archean systems 
sedimentary sulfide minerals may have δ34S values only slightly different from mantle 
values, and therefore any country rock assimilation might not be recognized using δ34S.  
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Although δ34S values for all three mineralized zones at Marathon have a narrow range 
that is nominally consistent with a magmatic (mantle) origin, sulfide minerals from the 
Footwall Zone exhibit a significant negative Δ33S anomaly compared to mantle values (∼ 
0‰) (Fig. 3.14). Sulfide minerals from the Main Zone also show negative Δ33S values but 
are less anomalous than sulfide minerals from the Footwall Zone.  
Mass-dependent fractionation between δ33S and δ34S is defined by δ33S ≈ 0.515 × δ34S 
(Farquhar and Wing, 2003; Farquhar and Wing, 2005). Mass-independent isotopic 
fractionation is characterized by non-zero Δ33S [=δ33S -1000((1+ δ34S /1000)0.515 -1)] and 
Δ36S [=δ36S -1000((1+ δ34S /1000)1.91 -1)], which reflect the relative deviation from mass-
dependent fractionation arrays (Farquhar et al., 2000). Farquhar and Wing (2005) and 
Ono et al. (2003) have suggested that mass independent fractionation between δ33S and 
δ34S in Archean sedimentary sulfide minerals deviates from the fractionation line (δ33S ≈ 
0.515 × δ34S) due to photochemical reactions in an Archean atmosphere with low oxygen 
contents. Therefore, Δ33S values can be used to assess assimilation of Archean 
sedimentary sulfide minerals. Such studies have been employed by many researchers to 
evaluate the potential role of crustal sulfur (e.g., Bekker et al., 2009 in Archean komatiite-
related Ni-sulfide deposits; and Fiorentini et al., 2012 in magmatic Ni-Cu-(PGE) deposits 
from Eastern Botswana). The Δ33S data for the Marathon deposit therefore suggest input 
from an Archean crustal reservoir. The anomalous Δ33S values for sulfide minerals from 
the Footwall Zone and some samples of the Main Zone indicate that a proportion of the 
sulfur was derived from an Archean source, especially in the Footwall Zone, suggesting 
crustal contamination. This is also consistent with non-zero Δ36S values and the negative 
correlation between Δ33S and Δ36S (Δ36S/Δ33S around -1) (Fig. 3.13b), which is 
characteristic of Archean sulfur reservoirs (Farquhar and Wing, 2005).  
Ding et al. (2012) reported Δ33S values of semi-massive sulfide from the Eagle deposit in 
Michigan, also in the midcontinent rift system, ranging from -0.86 to 0.86‰, which is 
similar to the range of the surrounding Archean sedimentary rocks of -1.22 to 0.45‰. 
They therefore suggested that there was a sulfur contribution from Archean rocks to the 
formation of the semi-massive sulfide minerals in the Eagle deposit. Most of the Archean 
sedimentary sulfide minerals are characterized by positive Δ33S values, whereas negative 
Δ33S values have been interpreted to reflect the involvement of oxidized sulfur species, 
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primarily sulfate (Farquhar and Wing, 2005). Therefore, the negative Δ33S values from 
the Marathon deposit further imply incorporation of originally sulfate-bearing 
sedimentary rocks.  
Sulfide minerals from different stratigraphic horizons in the eastern, western and northern 
limbs of the Bushveld Complex are characterized by uniform positive Δ33S anomalies 
(Penniston-Dorland et al., 2008; Penniston-Dorland et al., 2012). Perceptible changes in 
Δ33S values with distance from the footwall rocks are limited to less than 5 m from the 
contact (Penniston-Dorland et al., 2008). These observations have been interpreted to 
indicate that the Bushveld magma had a homogeneous, anomalous Δ33S composition as a 
result of crustal assimilation at depth, prior to emplacement, without significant local 
crustal contamination (Penniston-Dorland et al., 2008; Penniston-Dorland et al., 2012). In 
contrast, at Marathon, samples from the TDLG have varying Δ33S values, with samples in 
closest proximity to the Archean country rocks having more negative Δ33S anomalies. 
These results may imply significant assimilation of crustal sulfur during emplacement of 
the TDL intrusion. None of the known country rock lithologies in the vicinity of the 
Marathon deposit, however, contain significant amounts of sulfide minerals. These rocks 
are Archean felsic to intermediate volcanics and volcaniclastics (Figs. 3.1 & 3.2), and 
contain only small amounts of pyrite. In addition, as discussed above, the negative Δ33S 
values require a sulfur contribution from Archean sedimentary rocks. These observations 
argue against in situ sulfur addition and suggest that assimilation occurred at depth, prior 
to emplacement.         
The Footwall Zone is characterized by semi-massive to massive sulfide, the formation of 
which required an equivalently large mass of sulfur. The Δ33S values from the Footwall 
Zone are uniformly low compared to values from the W Horizon and the upper part of the 
Main Zone (Fig. 3.14), indicating significantly more contamination at depth for the 
Footwall Zone compared to the upper parts of the TDLG. The addition of externally-
derived sulfur at depth indicated by the Δ33S data could have been the reason for sulfur 
saturation in the magma.  
This model requires transport of immiscible sulfide liquid from the site of contamination 
to the site of emplacement, as has been suggested in studies of other systems (e.g., Ripley 
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et al., 2007; Ihlenfeld and Keays, 2011).   Recent studies have also suggested that basaltic 
magmas can transport sulfide liquid for significant distances (Barnes, 2007; Barnes et al., 
2008). Crustal sulfur contamination is probably not reflected in the δ34S values of the 
Footwall Zone sulfide minerals because of the similarities between mantle and Archean 
sedimentary-derived sulfur values at Marathon (cf. Farquhar and Wing, 2005; Ripley and 
Li, 2013).  
Sulfide minerals from the transition between the Footwall and Main zones, which are 
characterized by disseminated sulfide minerals with magmatic equilibrium textures 
between chalcopyrite and pyrrhotite, show similar but slightly higher Δ33S values 
compared to the Footwall Zone, indicating a comparable degree of contamination to the 
Footwall Zone.    
Although the Δ33S values of sulfide minerals from the Main Zone are also negative, they 
all have higher Δ33S values than the sulfide minerals from the Footwall Zone. Samples 
further from the country rocks have similar Δ33S values to the W Horizon whereas those 
closer to the country rocks have more negative values.  These data suggest relatively 
lower degrees of contamination for the Main Zone magmas compared to the Footwall 
Zone. All sulfide minerals from the W Horizon, in contrast to those from the other two 
zones, exhibit no evidence of crustal contamination because their Δ33S values are close to 
0 ‰.  
There are three models that could explain a decrease in the magnitude of the Δ33S 
anomaly with increasing distance from the basal contact and the lack of anomalous Δ33S 
values at the top of the Main Zone and in the W Horizon.  
The first is that, with respect to the Footwall Zone, the necessary contamination of the 
Main Zone samples with intermediate Δ33S values (-0.18 to -0.22‰) between the 
Footwall Zone and mantle values could have occurred at depth through interaction with 
country rocks. Clinopyroxene chemistry and thermometry indicate that the gabbros that 
host the Footwall Zone crystallized at lower temperatures than those in the Main Zone, 
and from a more primitive magma, and are therefore interpreted to have formed before 
the Main Zone or W Horizon (Chapter 2).  That is, the TDLG likely crystallized from the 
bottom (contact with the country rocks) upwards. In this scenario, the higher Δ33S toward 
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the top of the Main Zone and in W Horizon represent later magmas that incorporated less 
crustal sulfur because less or no sulfur was available in the country rocks due to depletion 
by earlier pulses of magma. A similar model was proposed by Ripley et al. (2007) to 
explain differences in the δ34S signatures of the S-rich basal zone and overlying S-poor 
leucotroctolitic rocks of the Partridge River Intrusion of the Duluth Complex. These 
authors interpreted the sulfur isotope heterogeneity of the basal zone to have resulted 
from interaction at depth with country rocks characterized by variable δ34S values. These 
researchers suggested that later pulses of magma did not become contaminated because 
the country rocks had been heated and devolatilized by the earlier magmas, such that the 
leucotroctolites were uncontaminated and retained a mantle-derived sulfur isotope 
signature. So, in our first model, the lack of evidence for significant contamination in 
magmas at the top of the Main Zone and in the W Horizon requires that sulfur addition 
did not result in sulfur saturation for these magmas, and that sulfur saturation 
subsequently resulted from other processes such as fractional crystallization, Si 
contamination, and/or magma mixing. There is a negative correlation between whole rock 
Cu/Pd and Δ33S values (Fig. 3.14b), in which Cu/Pd decreases with increasing distance 
from the basal contact. This variation is consistent with this first model, whereby a lower 
crustal sulfur contribution to the upper parts of the TDLG magmas resulted in the 
generation of less sulfide liquid and therefore higher silicate to sulfide mass ratios (R 
factor). Higher sulfide liquid/silicate magma partition coefficients for PGE (103 to >105) 
than for Cu (800 to 1400) means that higher R factors would have resulted in lower Cu/Pd 
values (cf. Campbell and Naldrett, 1979; Kerr and Leitch, 2005).  
A second, alternative model is that all of the magmas were similarly contaminated, and 
that later re-equilibration with new magma passing through the conduit diluted much of 
the evidence for crustal contamination. This requires that larger volumes of magma 
passed through the upper parts of the TDLG than lower down, which is consistent with 
crystallization of the lower parts of the TDLG before the upper parts. In addition, some of 
the sulfur could have been lost from the upper parts of the TDLG by the passage of new 
S-undersaturated magma pulses that caused dissolution of preexisting sulfide minerals 
and/or sulfide liquid. Ripley and Li (2003, 2013) concluded that the sulfur isotopic 
composition of contaminated sulfide liquid or accumulated sulfide mineral crystals could 
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be changed through interaction with passing uncontaminated silicate magma due to sulfur 
isotope exchange. Lesher and Burnham (2001), in a study of the Phoenix and Selkirk 
deposits, and Fiorentini et al. (2012), in a study of deposits in the Tati greenstone belt, 
suggested that equilibration at relatively high silicate to sulfide mass ratios (R factor) may 
have diluted the crustal sulfur signature. In this scenario, sulfur saturation in all of the 
Marathon magmas was attained by crustal sulfur addition. The Cu/Pd variation with Δ33S 
can also be explained by this second model if the upper parts of the TDLG had a higher 
cumulative R factor as a consequence of experiencing greater throughput of silicate 
magma and/or sulfur loss, and therefore a higher cumulative R factor.  
A third possible model is that volatiles derived from the country rocks interacted with the 
partially to completely crystallized Footwall Zone and transported sulfur, with a 
contaminated signature, from the Footwall Zone to the Main Zone. As the ascending 
volatiles interacted with the TDLG magma, the volatiles were gradually depleted of their 
crustal sulfur component such that the values higher in the Main Zone represent a mixture 
of crustal and mantle sulfur, or, at the top and in the W Horizon, virtually no crustal 
sulfur. Therefore, similar to the first model, sulfur saturation would have resulted from 
processes other than early crustal sulfur addition.    
The three models presented above cannot be rigorously discriminated from one another 
with the available sulfur isotope data. This will require additional Δ33S data from the 
Main Zone, and from other mineralized occurrences along the length of the Eastern 
Gabbro that are hosted by the Marathon Series (e.g. Four Dams, Area 41), which have 
been characterized as Main Zone-type mineralization (Cao et al., 2016; McBride, 2013). 
Previous studies on silicate mineral textures and chemistry, however, indicate that the 
Marathon deposit formed in a dynamic conduit system (Chapter 2).  Ruthart (2013) also 
suggested a model in which multistage upgrading occurred in a dynamic conduit system 
for the W Horizon. Both these previous studies support the second model of later re-
equilibration with new magma passing through the conduit that could have subsequently 
diluted the evidence of earlier crustal contamination.   
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3.5.2 The Geordie Lake Deposit 
Sulfur isotope values (δ34S) of sulfide minerals from the Geordie Lake gabbro exhibit a 
wider range than sulfide minerals from the Marathon deposit, but are still within the 
commonly accepted range of magmatic values (0 ± 2‰) (Fig. 3.10). There is no 
systematic variation between δ34S values and distance from the syenite (Fig. 3.12). 
Similar to the Marathon deposit, the δ34S values from the Geordie Lake deposit suggest 
that either there was no external sulfur addition to the magma(s) or the sulfur contaminant 
had a similar δ34S range to the mantle, and additional Δ33S measurements would be 
needed to fully address this question. The fluorination method used in this study to 
measure Δ33S requires mineral separation.  Because most chalcopyrite from Geordie Lake 
contain bornite lamellae, obtaining pure mineral separates for Δ33S measurements was not 
possible.  
Although δ34S values are within the range of mantle values, the range of values is wider 
than observed at Marathon, and, unlike at Marathon, there is a relationship between the 
sulfur isotopic composition of the sulfide minerals and their petrologic and textural 
characteristics. (Fig. 3.10).  
Pyrrhotite at Geordie Lake is interpreted to be a primary magmatic sulfide mineral, and 
therefore should reflect the sulfur isotopic signature of the gabbroic magma. The δ34S 
values of pyrrhotite range from -1.3 to -0.3‰ (Fig. 3.11). The syenite has a distinctly 
heavier δ34S signature (1.5 to 2.9‰; Fig. 3.11). The sulfur isotopic composition of 
chalcopyrite in highly albitized gabbro (within albite pods), and also of chalcopyrite 
within a magnetite vein (-0.6 to -1.7‰, and -1.0 to -1.3‰, respectively) are similar to that 
of the magmatic pyrrhotite but are lighter than the chalcopyrite hosted by the gabbro, as 
well as the syenite (Figs.  3.10 & 3.11). There are two ways to explain the formation of 
the albite pods at Geordie Lake. They could have crystallized from a late-stage magma 
and/or hydrous fluid that represented the last vestiges of the host gabbroic magma (Good 
and Crocket, 1994b), or they represent alteration by fluids that exsolved from the syenites 
that post-date the gabbros. The similarity of sulfur isotopic composition of the 
chalcopyrite in these pods to the pyrrhotite in the gabbro indicates that the former model 
is more applicable, and that it is unlikely that the albitization resulted from hydrothermal 
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alteration by fluids derived from the syenite. The similarity of the δ34S values for 
chalcopyrite within the magnetite vein to those of magmatic pyrrhotite also indicates that 
the magnetite vein is related to a late stage of gabbro crystallization.  
Gabbro-hosted chalcopyrite with different textures exhibits different δ34S values (Fig. 
3.10). There are three ways to explain this variation: 1) temperature-related fractionation 
between chalcopyrite and a fluid with a single source of S (approximately constant 
δ34Sfluid), 2) fractionation between reduced and oxidized aqueous sulfur species, or 3) 
different sulfur sources. Chalcopyrite-H2S fractionation only changes from 0.2 to 0‰ 
between 200 °C and 1000 °C, respectively (Li and Liu, 2006), suggesting that 
temperature would not significantly affect fractionation, and therefore the first model is 
unlikely. A second explanation is that if a single fluid reacted with the gabbro and was 
progressively oxidized, this should lead to sulfide minerals with progressively lighter 
sulfur isotope values. For redox changes to have any major effect on δ34S, however, fO2-
pH conditions have to be close to or in the hematite stability field (i.e., close to the 
H2S/SO4 predominance boundary; Ohmoto and Rye, 1979), which is unlikely at Geordie 
Lake given the abundance of sulfide minerals and magnetite in the system and the 
absence of hematite.  Chalcopyrite from the gabbro has δ34S values that are intermediate 
between the δ34S values of pyrrhotite and chalcopyrite hosted by the syenite (Fig. 3.11). 
Thus, we favour a model in which the sulfur in the chalcopyrite represents a mixture of 
externally derived sulfur and sulfur from the gabbroic magmas.  Intermediate values 
reflect dissolution of gabbroic sulfide minerals by fluids or replacement of magmatic 
sulfide minerals by chalcopyrite. Variation of the δ34S values of chalcopyrite may reflect 
variable degrees of interaction between the fluids and gabbro, which was controlled by 
differences in the permeability of the gabbro.  A potential effect on this latter model is 
that some parts of the GLG could have been partially molten at the time of infiltration of 
the external fluids. This would have limited and possibly controlled the degree of 
interaction with different parts of the pluton, and allow the possibility that late-stage 
gabbro-derived fluids mixed with external fluids, also potentially modifying their sulfur 
isotopic composition.   
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3.6 Conclusions 
All δ34S values obtained from sulfide minerals from the Marathon deposit are within the 
range of typical magmatic values (0 ± 2‰) suggesting that the mantle was the dominant 
source of sulfur. Sulfide minerals from the Marathon deposit, however, exhibit a negative 
Δ33S anomaly compared to mantle values (∼0‰), which indicate input of Archean crustal 
sulfur. The δ34S values do not reflect crustal sulfur contamination, likely because of the 
similarities between mantle and Archean crustal δ34S values.  Negative Δ33S, non-zero 
Δ36S values, and a negative correlation between the two isotopes indicate that significant 
sulfur was derived from Archean sedimentary rocks. Given that the country rocks in the 
vicinity of the Marathon deposit are felsic to intermediate volcanics and volcaniclastics, 
and contain no significant amount of sulfide minerals, crustal sulfur assimilation must 
have occurred at depth, prior to emplacement. More negative Δ33S anomaly in sulfide 
minerals from the Footwall Zone indicate a significant sulfur input from Archean 
sedimentary rocks in the Footwall Zone and therefore sulfur saturation was likely caused 
by the addition of externally-derived sulfur. The decrease in the Δ33S anomaly with 
increasing distance from the basal contact and lack of anomalous Δ33S values at the top of 
the Main Zone and in the W Horizon, can be explained by: 1) the TDLG crystallized from 
the bottom (contact with the country rocks) upwards and later magmas incorporated less 
crustal sulfur because less sulfur was available in the country rocks due to depletion by 
earlier pulses of magmas; 2) larger volumes of magma passed through the upper parts of 
the TDLG than lower down, and therefore later re-equilibration with new magma passing 
through the conduit effectively erased much of the evidence for crustal contamination; 
and 3) sulfur with a contaminated signature was transported from the Footwall Zone to 
the Main Zone by volatiles derived from the country rocks. As the ascending volatiles 
interacted with the TDLG magma, the volatiles were gradually depleted of their crustal 
sulfur component such that the values higher in the Main Zone represent a mixture of 
crustal and mantle sulfur. 
The δ34S of sulfide minerals in and around the Geordie Lake deposit are within the range 
of magmatic values (0 ± 2‰), but exhibit a wider variability than sulfide minerals in the 
Marathon deposit. The sulfur isotopic composition of chalcopyrite in albite pods within 
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the deposit is similar to magmatic pyrrhotite in the gabbro, but distinctly different from 
hydrothermal chalcopyrite in syenite country rocks, suggesting that albitization represents 
a late stage of gabbro crystallization and is not related to alteration by syenite-derived 
fluids. δ34S values of chalcopyrite from the deposit that lie between the values of gabbro-
hosted pyrrhotite and of chalcopyrite hosted by the syenite, suggest that the chalcopyrite 
in the deposit was precipitated from a mixture of externally derived sulfur and sulfur from 
the gabbroic magmas.  
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Figure 3.1 Geological map of the Coldwell Complex showing the Eastern Gabbro, the syenitic 
rocks and the location of the Marathon deposit (modified after Good et al., 2015). The intrusive 
centers have been shown by Roman numerals (modified after Mulja and Mitchell, 1991).   
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Figure 3.2 Geological map of the Marathon deposit showing the relationship of the TDLG with 
other gabbros and Archean country rocks (modified after Good et al., 2015). 
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Figure 3.3 A schematic cross section of the southern part of the Marathon deposit showing the 
stratigraphic distribution of three different mineralized zones and their relationship (modified after 
Good et al., 2015). 																	
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Figure 3.4 Geological map of the Geordie Lake showing the location of mineralization compared to 
the gabbro and syenite (modified after Drennan and Fell, 2010) . 
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Figure 3.5 Photomicrographs representing different sulfide occurrence and assemblages in the 
Marathon deposit. a) massive sulfide from the Footwall Zone, b) disseminated chalcopyrite, c) 
chalcopyrite replaced primary magmatic pyrrhotite, d) bornite blebs and lamellae within 
chalcopyrite, e) chalcopyrite blebs within resorption rim of plagioclase crystal, and f) chalcopyrite 
intergrown with hydrous minerals.       
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Figure 3.6 Photomicrographs representing different sulfide occurrence and assemblages in the 
Geordie Lake deposit. a) chalcopyrite with bornite exsolution replaced by secondary magnetite and 
chalcopyrite  b) disseminated chalcopyrite, c) rare occurrence of pyrrhotite and pyrite, d) primary 
chalcopyrite and magnetite assemblage replaced by secondary magnetite and chalcopyrite, e) 
bornite grain with chalcopyrite lamellae, f) chalcopyrite replaced by  chalcopyrite replaced by 
sphalerite. 
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Figure 3.7 Photomicrographs representing chalcopyrite and bornite within veins from the Geordie 
Lake. a) chalcopyrite and bornite within magnetite vein, b) higher magnification image of the 
white rectangle on image a, c) chalcopyrite and bornite within chlorite-actinolite vein (the vein is 
shown by yellow lines), b) higher magnification of the red rectangle on image c, and d) reflected 
light image showing chalcopyrite and bornite in the chlorite-actinolite vein.  
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Figure 3.8 Box-whisker plot showing variation of δ34S (SIMS data) in chalcopyrite, pyrrhotite with 
different textures and pyrite from different areas in the Marathon deposit.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-3
-2
-1
0
1
2
3
4
5
Po Ccp Py
Massive- sulfide
Magmatic equilibrium
Intergrown with hydrous minerals
Ccp replacing Po
along plagiclase twinning
Py- Archean metavolcanic rocks far from mineralization
Py- Archean metavolcanic within mineralization
Py- Main Zone
δ3
4 S
 (‰
) 
Er
ro
r 
-3
-2
-1
0
1
2
3
4
5
Po Ccp Py
Massive- sulfide
Magmatic equilibrium
Intergrown with hydrous minerals
Ccp replacing Po
along plagiclase twinning
Py- Archean metavolcanic rocks far from mineralization
Py- Archean metavolcanic within mineralization
Py- Main Zone
	 159 
Figure 3.9 Variation of δ34S as a function of distance from the basal contact with Archean country 
rocks comparing SIMS and mineral separate methods from the Marathon deposit. Neither the 
SIMS nor the mineral separate data for the gabbro-hosted sulfides show any systematic variation in 
δ34S with distance from the basal contact. Footwall Archean metavolcanic-1: country rocks far 
from mineralization, Footwall Archean metavolcanic-2: country rocks within minerlization. Error 
of the data from mineral separate technique is within the size of symbols.     
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Figure 3.10 Box-whisker plot showing variation of δ34S (SIMS data) in chalcopyrite, pyrrhotite and 
pyrite with different textures from the gabbro of the Geordie Lake deposit. 
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Figure 3.11 Box-whisker plot showing variation of δ34S (SIMS data) in chalcopyrite, pyrrhotite and 
pyrite to compare the gabbro with the syenite from the Geordie Lake deposit. Three points marked 
by a red box represent chalcopyrite in magnetite vein.  
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Figure 3.12 Variation of δ34S (SIMS data) as function of distance from syenite for sulfides from the 
Geordie Lake deposit. 
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Figure 3.13 Sulfur isotopes of different samples from three mineralized zones of the Marathon 
deposit. a) box-whisker plot showing scattered Δ33S in different mineralized zones representing 
signature of Archean sulfur, b) Δ33S vs Δ36S showing negative correlation between these two 
isotopes. 
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Figure 3.14 a) Variation of Δ33S as a function of distance from the basal contact showing 
systematic trend with increasing distance from the country rocks, b) Relationship between Δ33S 
values and Cu/Pd (ppm/ppm) values showing the higher the Cu/Pd in the sample the higher degree 
of contamination. Error of the data is within the size of symbols.      
Δ3
3 S
 (‰
)"
“Cu/Pd”"
0 2,500 5,000 7,500 10,000 12,500 15,000
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
Footwall Zone-massive to semi-massive
Footwall and Main Zone transition- magmatic equilibrium
Main Zone- Ccp replacing Po
Main Zone-intergrown with hydrous minerals
W Horizon-disseminated
Δ3
3 S
 (‰
)"
Minimum distance from the basal contact (m)"
-10 0 10 20 30 40 50 60 70 80
-1.00
-0.80
-0.60
-0.40
-0.20
0.00
0.20 Footwall Zone-massive to semi-massive
Footwall and Main Zone transition- magmatic equilibrium
Main Zone- Ccp replacing Po
Main Zone-intergrown with hydrous minerals
W Horizon-disseminated
a 
0 2,500 5,000 7,500 10,000 12,500 15,000
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
Footwall Zone-massive to semi-massive
Footwall and Main Zone transition- magmatic equilibrium
Main Zone- Ccp replacing Po
Main Zone-intergrown with hydrous minerals
W Horizon-disseminated
b 
	 165 
Table 3-1 List of selected samples for sulfur isotope analyses using SIMS and sulfide separation methods from the Marathon and 
Geordie Lake deposit. 
Deposit Method of sulfur isotope measurement Sample No Zone Texture 
Marathon 
SIMS 
G11-1I Footwall Zone Massive- sulfide 
M05-94-195.6-1 Footwall Zone Massive- sulfide 
G11-2 Above the Main Zone Magmatic equilibrium 
G11-3 Main Zone Magmatic equilibrium 
G11-7I Main Zone Ccp replacing Po 
G11-8I Main Zone Ccp replacing Po 
M11-514-449.65 Footwall and Main Zone transition Intergrown with hydrous minerals 
MSH54-2 W Horizon Intergrown with hydrous minerals 
59375 W Horizon Magmatic equilibrium 
M08-468-129.35 Footwall Archean metavolcanic-1 Magmatic equilibrium 
M08-437-171.71 Footwall Archean metavolcanic-2 Magmatic equilibrium 
Sulfide separation 
59395b Footwall Zone Massive to semi-massive sulfide 
M07-417-318.55 Footwall Zone Massive to semi-massive sulfide 
G11-7I Main Zone Ccp replacing Po 
M11-514-483.64 Footwall and Main Zone transition Magmatic equilibrium 
59415C W Horizon Disseminated Ccp 
M11-499-22.86 W Horizon Disseminated Ccp 
Ma168 Top of the Main Zone Intergrown with hydrous minerals 
59385 Main Zone Intergrown with hydrous minerals 
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Cont. 
Deposit Method of sulfur isotope measurement Sample No Zone Texture 
Marathon Sulfide separation M11-514-450.43 Footwall and Main Zone transition Magmatic equilibrium 
Geordie 
Lake SIMS 
G10-04-84m Mineralized gabbro Ccp replacing Po 
G10-16-172m Mineralized gabbro Ccp in magnetite vein 
G10-17-144m Mineralized gabbro Ccp with bornite exsolution 
IM-30 Mineralized gabbro Ccp with bornite exsolution 
IM-38 Mineralized gabbro Disseminated Ccp 
IM-22 Mineralized gabbro Ccp with bornite exsolution 
IM-39 Mineralized gabbro Ccp with bornite exsolution 
IM-UM-22 Un-mineralized gabbro Disseminated Ccp 
AB-D-1 Mineralized gabbro Ccp with bornite exsolution 
AB-D-7 Mineralized gabbro Ccp replaced by Bn 
AB-3-7 Un-mineralized gabbro Ccp with bornite exsolution 
IM-UM-24b Syenite Ccp with bornite exsolution 
IM-UM-24c Syenite Disseminated Ccp 
IM-UM-15 Syenite Disseminated Ccp 
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Table 3-2 Sulfur isotope composition (δ34S) of the Marathon deposit by SIMS. 
Sample No Distance from footwall rocks Zone Texture Mineral δ
34S (‰) SEM (%) 34S/32S (meas) 2SD 
G11-1I 0.00 Footwall Massive- sulfide Po 0.4 0.015 0.043416 0.000115 
G11-1I 0.00 Footwall Massive- sulfide Po 0.6 0.014 0.043427 0.000108 
G11-1I 0.00 Footwall Massive- sulfide Po 0.9 0.018 0.043437 0.000129 
G11-1I 0.00 Footwall Massive- sulfide Ccp 1.6 0.021 0.043578 0.000155 
G11-1I 0.00 Footwall Massive- sulfide Ccp 0.2 0.019 0.043514 0.000140 
M05-94-195.6-1 0.00 Footwall Massive- sulfide Po 1.2 0.019 0.043451 0.000146 
M05-94-195.6-1 0.00 Footwall Massive- sulfide Ccp -0.4 0.021 0.043491 0.000154 
M05-94-195.6-1 0.00 Footwall Massive- sulfide Ccp 0.2 0.020 0.043517 0.000148 
G11-2 67.81 Above Main Zone Magmatic equilibrium Po 0.8 0.019 0.043436 0.000142 
G11-2 67.81 Above Main Zone Magmatic equilibrium Po 0.8 0.024 0.043432 0.000183 
G11-2 67.81 Above Main Zone Magmatic equilibrium Ccp -0.1 0.016 0.043501 0.000121 
G11-2 67.81 Above Main Zone Magmatic equilibrium Ccp 0.2 0.019 0.043514 0.000140 
G11-3 37.81 Main Zone Magmatic equilibrium Po -0.2 0.017 0.043389 0.000131 
G11-3 37.81 Main Zone Magmatic equilibrium Ccp 0.7 0.013 0.043538 0.000098 
G11-3 37.81 Main Zone Magmatic equilibrium Ccp -0.2 0.016 0.043500 0.000121 
G11-3 37.81 Main Zone Magmatic equilibrium Ccp 1.1 0.020 0.043556 0.000147 
G11-3 37.81 Main Zone Magmatic equilibrium Ccp 0.5 0.014 0.043530 0.000105 
G11-3 37.81 Main Zone Intergrown with hydrous minerals Ccp 0.5 0.015 0.043528 0.000115 
G11-3 37.81 Main Zone Magmatic equilibrium Ccp 0.0 0.025 0.043506 0.000184 
G11-7I 33.81 Main Zone Ccp replacing Po Po -0.2 0.014 0.043392 0.000106 
G11-7I 33.81 Main Zone Ccp replacing Po Po 0.5 0.015 0.043419 0.000105 
G11-7I 33.81 Main Zone Ccp replacing Po Po 0.2 0.015 0.043405 0.000109 
G11-7I 33.81 Main Zone Ccp replacing Po Ccp 1.2 0.016 0.043561 0.000123 
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Cont. 
Sample No Distance from footwall rocks Zone Texture Mineral δ
34S (‰) SEM (%) 34S/32S (meas) 2SD 
G11-7I 33.81 Main Zone Intergrown with hydrous minerals Ccp 0.5 0.020 0.043527 0.000151 
G11-7I 33.81 Main Zone Ccp replacing Po Ccp 0.4 0.018 0.043527 0.000133 
G11-7I 33.81 Main Zone Along plagiclase twinning Ccp -0.3 0.018 0.043493 0.000133 
G11-8I 37.81 Main Zone Ccp replacing Po Po -0.3 0.014 0.043388 0.000103 
G11-8I 37.81 Main Zone Ccp replacing Po Po -0.2 0.017 0.043392 0.000128 
G11-8I 37.81 Main Zone Along plagiclase twinning Ccp -0.3 0.013 0.043496 0.000097 
G11-8I 37.81 Main Zone Ccp replacing Po Ccp -0.2 0.021 0.043501 0.000154 
G11-8I 37.81 Main Zone Intergrown with hydrous minerals Ccp -0.4 0.018 0.043489 0.000138 
G11-8I 37.81 Main Zone Intergrown with hydrous minerals Ccp -0.4 0.019 0.043490 0.000142 
G11-8I 37.81 Main Zone Magmatic equilibrium Ccp 0.1 0.016 0.043510 0.000120 
M11-514-449.65 6.85 Footwall and Main Zone transition 
Intergrown with hydrous 
minerals Po 0.2 0.014 0.043405 0.000107 
M11-514-449.65 6.85 Footwall and Main Zone transition Ccp replacing Po Po 0.6 0.028 0.043425 0.000201 
M11-514-449.65 6.85 Footwall and Main Zone transition 
Intergrown with hydrous 
minerals Po -0.3 0.016 0.043387 0.000119 
M11-514-449.65 6.85 Footwall and Main Zone transition 
Intergrown with hydrous 
minerals Po -0.1 0.020 0.043395 0.000144 
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Cont. 
Sample No Distance from footwall rocks Zone Texture Mineral δ
34S (‰) SEM (%) 34S/32S (meas) 2SD 
M11-514-449.65 6.85 Footwall and Main Zone transition 
Intergrown with hydrous 
minerals Po 0.3 0.019 0.043413 0.000139 
M11-514-449.65 6.85 Footwall and Main Zone transition 
Intergrown with hydrous 
minerals Ccp 0.1 0.023 0.043511 0.000170 
M11-514-449.65 6.85 Footwall and Main Zone transition Ccp replacing Po Ccp -0.3 0.021 0.043494 0.000153 
M11-514-449.65 6.85 Footwall and Main Zone transition 
Intergrown with hydrous 
minerals Ccp 1.6 0.020 0.043575 0.000128 
MSH54-2   W Horizon Intergrown with hydrous minerals Ccp -0.7 0.020 0.043475 0.000149 
MSH54-2   W Horizon Ccp replacing Po Ccp 0.7 0.018 0.043536 0.000136 
MSH54-2   W Horizon Magmatic equilibrium Ccp -1.1 0.017 0.043458 0.000127 
MSH54-2   W Horizon Magmatic equilibrium Ccp -1.5 0.019 0.043442 0.000143 
MSH54-2   W Horizon Intergrown with hydrous minerals Ccp -1.0 0.018 0.043462 0.000134 
59375 90.93 W Horizon Magmatic equilibrium Ccp -0.4 0.023 0.043489 0.000174 
59375 90.93 W Horizon Magmatic equilibrium Ccp -0.5 0.014 0.043485 0.000107 
59375 90.93 W Horizon Magmatic equilibrium Ccp 0.2 0.019 0.043515 0.000139 
59375 90.93 W Horizon Magmatic equilibrium Ccp 0.8 0.018 0.043540 0.000133 
M08-468-129.35 0.00 Footwall Archean metavolcanic-1 Magmatic equilibrium Py -2.6 0.018 0.043365 0.000132 
M08-468-129.35 0.00 Footwall Archean metavolcanic-1 Magmatic equilibrium Py -2.0 0.021 0.043388 0.000155 
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Cont. 
Sample No Distance from footwall rocks Zone Texture Mineral δ
34S (‰) SEM (%) 34S/32S (meas) 2SD 
M08-468-129.35 0.00 Footwall Archean metavolcanic-1 Magmatic equilibrium Py -2.6 0.018 0.043362 0.000132 
M08-437-171.71 0.00 Footwall Archean metavolcanic-2 Magmatic equilibrium Py 4.7 0.018 0.043681 0.000134 
M08-437-171.71 0.00 Footwall Archean metavolcanic-2 Magmatic equilibrium Py 3.4 0.019 0.043623 0.000146 
G11-3 37.81 Main Zone Magmatic equilibrium Py 1.4 0.019 0.043535 0.000137 
G11-3 37.81 Main Zone Magmatic equilibrium Py -0.5 0.016 0.043454 0.000115 
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Table 3-3 Sulfur isotope composition (δ34S) of the Geordie Lake deposit by SIMS. 
Sample No. Mineral Texture Rock Type Distance from syenite δ
34S (‰) SEM (%) 34S/32S (meas) 2SD 
G10-04-84m Py Anhedral Py Gabbro 69.87 1.1 0.06203 0.04357 0.00048 
G10-04-84m Py Euhedral Py Gabbro 69.87 0.4 0.04191 0.04354 0.00032 
G10-04-84m Py Euhedral Py Gabbro 69.87 0.5 0.04670 0.04355 0.00031 
IM-UM-22 Py Anhedral Py Gabbro 145.00 0.3 0.03862 0.04354 0.00030 
IM-UM-22 Py Anhedral Py Gabbro 145.00 1.4 0.04108 0.04358 0.00032 
AB-D-7 Ccp Ccp (aggregate with Bn) Gabbro 3.00 0.5 0.04266 0.04350 0.00031 
AB-D-7 Ccp Ccp (aggregate with Bn) Gabbro 3.00 1.7 0.03212 0.04355 0.00022 
AB-D-7 Ccp Ccp (aggregate with Bn) Gabbro 3.00 3 0.03277 0.04361 0.00023 
G10-04-84m Ccp Ccp (replacing Po) Gabbro 69.87 1.2 0.03329 0.04353 0.00025 
G10-04-84m Ccp Ccp (replacing Po) Gabbro 69.87 1.6 0.03587 0.04355 0.00027 
G10-04-84m Ccp Ccp (replacing Po) Gabbro 69.87 1.2 0.03442 0.04353 0.00026 
IM-UM-22 Ccp Ccp (disseminated) Gabbro 145.00 0.5 0.04051 0.04350 0.00031 
IM-UM-22 Ccp Ccp (disseminated) Gabbro 145.00 1.5 0.03305 0.04354 0.00025 
IM-UM-22 Ccp Ccp (disseminated) Gabbro 145.00 1.5 0.03356 0.04354 0.00025 
IM-UM-22 Ccp Ccp (disseminated) Gabbro 145.00 1.2 0.04236 0.04353 0.00030 
AB-D-1 Ccp Ccp (with bornite exsolution) Highly albitized gabbro 3.00 -1.4 0.02522 0.04336 0.00019 
AB-D-1 Ccp Ccp (with bornite exsolution) Highly albitized gabbro 3.00 -0.6 0.02234 0.04339 0.00017 
AB-D-1 Ccp Ccp (with bornite exsolution) Highly albitized gabbro 3.00 -1.7 0.01912 0.04335 0.00014 
G10-16-172m Ccp Ccp in magnetite vein Gabbro 51.17 -1.1 0.02004 0.04337 0.00015 
G10-16-172m Ccp Ccp in magnetite vein Gabbro 51.17 -1.3 0.01909 0.04336 0.00014 
G10-16-172m Ccp Ccp in magnetite vein Gabbro 51.17 -1 0.02189 0.04337 0.00016 
IM-UM-24b Ccp Ccp (with bornite exsolution) Syenite 0.00 2.9 0.02068 0.04354 0.00015 
IM-UM-24b Ccp Ccp (with bornite exsolution) Syenite 0.00 2.6 0.02136 0.04353 0.00015 
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Cont. 
Sample No. Mineral Texture Rock Type Distance from syenite δ34S (‰) SEM (%) 34S/32S (meas) 2SD 
IM-UM-24c Ccp Ccp (disseminated) Syenite 0.00 1.5 0.02342 0.04348 0.00017 
IM-UM-24c Ccp Ccp (disseminated) Syenite 0.00 2.8 0.02066 0.04354 0.00015 
IM-UM-24c Ccp Ccp (disseminated) Syenite 0.00 2.4 0.02704 0.04352 0.00019 
IM-UM-24c Ccp Ccp (disseminated) Syenite 0.00 2.5 0.02182 0.04353 0.00015 
G10-17-144m Ccp Ccp (with bornite exsolution) Gabbro 101.00 -0.2 0.02166 0.04341 0.00016 
G10-17-144m Ccp Ccp (with bornite exsolution) Gabbro 101.00 -0.2 0.02446 0.04341 0.00018 
G10-17-144m Ccp Ccp (with bornite exsolution) Gabbro 101.00 -0.1 0.02363 0.04341 0.00017 
IM-30 Ccp Ccp (with bornite exsolution) Gabbro 23.17 1 0.02201 0.04346 0.00016 
IM-30 Ccp Ccp (with bornite exsolution) Gabbro 23.17 0.4 0.02188 0.04344 0.00016 
IM-30 Ccp Ccp (with bornite exsolution) Gabbro 23.17 0.5 0.02084 0.04344 0.00015 
G10-04-84m Po Po (replaced by Ccp) Gabbro 69.87 -1.3 0.02714 0.04324 0.00021 
G10-04-84m Po Po (replaced by Ccp) Gabbro 69.87 -0.3 0.02637 0.04328 0.00020 
G10-04-84m Po Po (replaced by Ccp) Gabbro 69.87 -0.3 0.02546 0.04328 0.00019 
AB-3-7 Ccp Ccp (with bornite exsolution) Gabbro 80.00 1 0.01638 0.04350 0.00013 
AB-3-7 Ccp Ccp (with bornite exsolution) Gabbro 80.00 0.4 0.01737 0.04348 0.00013 
AB-3-7 Ccp Ccp (with bornite exsolution) Gabbro 80.00 -0.4 0.01945 0.04345 0.00015 
IM-38 Ccp Ccp (disseminated) Gabbro 43.00 0.7 0.02378 0.04349 0.00018 
IM-38 Ccp Ccp (disseminated) Gabbro 43.00 -0.2 0.02231 0.04345 0.00017 
IM-38 Ccp Ccp (disseminated) Gabbro 43.00 0.2 0.02158 0.04347 0.00016 
IM-38 Ccp Ccp (disseminated) Gabbro 43.00 0.3 0.02213 0.04347 0.00017 
IM-22 Ccp Ccp (with bornite exsolution) Gabbro 25.87 0.4 0.02371 0.04348 0.00017 
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Cont. 
Sample No. Mineral Texture Rock Type Distance from syenite δ34S (‰) SEM (%) 34S/32S (meas) 2SD 
IM-22 Ccp Ccp (with bornite exsolution) Gabbro 25.87 0 0.01754 0.04346 0.00013 
IM-22 Ccp Ccp (with bornite exsolution) Gabbro 25.87 0 0.02001 0.04346 0.00015 
IM-22 Ccp Ccp (with bornite exsolution) Gabbro 25.87 0.2 0.01960 0.04347 0.00015 
IM-22 Ccp Ccp (with bornite exsolution) Gabbro 25.87 0.2 0.02051 0.04347 0.00015 
IM-39 Ccp Ccp (with bornite exsolution) Gabbro 39.00 1.5 0.01763 0.04348 0.00013 
IM-39 Ccp Ccp (with bornite exsolution) Gabbro 39.00 1.5 0.02033 0.04348 0.00016 
IM-39 Ccp Ccp (with bornite exsolution) Gabbro 39.00 1.1 0.01644 0.04347 0.00012 
IM-39 Ccp Ccp (with bornite exsolution) Gabbro 39.00 1.5 0.03069 0.04348 0.00023 
IM-UM-15 Ccp Ccp (disseminated) Syenite 0.00 1.5 0.03069 0.04348 0.00023 
IM-UM-15 Ccp Ccp (disseminated) Syenite 0.00 1.9 0.02985 0.04350 0.00022 
IM-UM-15 Ccp Ccp (disseminated) Syenite 0.00 1.9 0.01967 0.04350 0.00015 
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Table 3-4 Multiple sulfur isotope data from the Marathon deposit by mineral separate and fluorination. 
Samples Zone Mineral Textures Minimum distance from footwall rocks δ
33S (‰) δ34S (‰) δ36S  (‰) Δ33S (‰) Δ36S (‰) Cu/Pd 
59395b Footwall Zone Po 
Massive to semi-
massive 0.17 0.27 2.2 5.15 -0.88 0.90 7474 
59395b Footwall Zone Ccp Massive to semi-massive 0.17 -1.04 -0.5 -0.10 -0.76 0.92 7474 
M07-417-
318.55 Footwall Zone Po 
Massive to semi-
massive 0.00 0.06 1.9 4.45 -0.91 0.88 13351 
M07-417-
318.55 Footwall Zone Ccp 
Massive to semi-
massive 0.00 0.16 2.0 4.64 -0.88 0.80 13351 
G11-7I Main Zone Po Ccp replacing Po 25.00 0.50 1.3 2.94 -0.19 0.39 1740 
G11-7I Main Zone Ccp Ccp replacing Po 25.00 0.52 1.4 2.87 -0.18 0.28 1740 
M11-514-
483.64 
Footwall and Main 
Zone transition Po 
Magmatic 
equilibrium 12.44 -0.13 1.4 3.44 -0.84 0.80 8301 
M11-514-
483.64 
Footwall and Main 
Zone transition Ccp 
Magmatic 
equilibrium 12.44 0.00 1.6 3.89 -0.84 0.81 8301 
59415C W-Horizon Ccp Disseminated 70.00 0.23 0.6 1.11 -0.06 0.04 166 
M11-499-22.86 W-Horizon Ccp Disseminated 60.00 0.51 1.0 1.72 0.00 -0.16 847 
Ma168 Main Zone Po Intergrown with hydrous minerals 68.00 0.74 1.5 2.98 -0.04 0.08 
  
Ma168 Main Zone Ccp Intergrown with hydrous minerals 68.00 0.78 1.7 3.19 -0.07 0.06 
59385 Main Zone Ccp Intergrown with hydrous minerals 40.98 0.37 1.2 2.51 -0.22 0.32 3984 
M11-514-
450.43 
Footwall and Main 
Zone transition Po 
Magmatic 
equilibrium 6.07 0.25 1.9 4.21 -0.71 0.66 10172 
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Chapter 4 
Apatite textures and chemistry as a monitor of volatile involvement in 
the genesis of the contact-conduit-type Marathon Cu-PGE deposit, 
Coldwell Complex, Ontario 
4.1 Introduction 
The processes responsible for metal enrichment in the Marathon deposit, and indeed other 
contact-style and/or conduit-related type PGE deposits, are still a topic of debate, and, in 
particular, whether volatiles that passed through the crystalline or nearly crystalline rocks 
played any important role in the genesis of such deposits (cf. Watkinson and 
Ohnenstetter, 1992; Good and Crocket, 1994; Dahl et al, 2001; Harris and Chaumba, 
2001; Peck et al., 2001; Barrie et al, 2002; Pronost et al., 2008, Price, 2012; Holwell et 
al., 2014; Good et al, 2015). The presence of pegmatite textures and replacement of 
primary minerals by hydrous phases in the Marathon deposit have been argued as 
evidence that fluids have played some role in its petrogenesis (Dahl et al, 2001). 
Watkinson and Jones (1996), in a study of fluid inclusions from the host gabbros, 
suggested that the PGE were remobilized by saline fluids. Some features, such as 
pegmatitic textures and primary magmatic sulfide replacement by hydrous phases, also 
led Barrie et al. (2002) to conclude that fluids were important in formation of the 
Marathon mineralization. They proposed a zone refining model for the Main Zone, which 
involved fluid fluxing through cumulate silicate and sulfide minerals under hyper-solidus 
conditions. Good and Crocket (1994) and Good et al. (2015), however, argued against 
any significant role for fluids in concentrating Cu and PGE at Marathon. They suggested 
that chalcophile elements migrated only over very short distances via a small amount of 
deuteric fluid. Their arguments were based on a positive correlation between Pd, Pt, Rh, 
and Ir concentrations, coherent geochemical behavior for Ni and Ir, the preservation of 
primary minerals that exhibit no extensive alteration, no correlation between pegmatite 
occurrence and mineralization, and the lack of any relationship between hydrothermal 
alteration and PGE concentration. In a study of the River Valley intrusion, Price (2012) 
suggested that the presence of hydrothermal PGM within replacement minerals and veins 
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indicated significant post-magmatic redistribution of PGE by fluids by up to hundreds of 
meters. Holwell et al. (2014), however, argued that PGE remobilization in the River 
Valley intrusion was minor and on a small scale. It has also been proposed that the 
migration of Cl-rich fluids in the Bushveld and Stillwater complexes was important for 
mobilization of base and precious metals (Boudreau et al, 1986; Boudreau and 
McCallum, 1989; Boudreau and Kruger, 1990; Willmore et al, 2000; Hanley et al., 2008). 
Therefore, the significance of hydrothermal fluids in directly precipitating ore minerals or 
causing their later modification needs to be addressed.  
The distribution and composition of halogen-bearing minerals can be used to assess the 
role of volatile components during crystallization of the mafic magmas that host Cu-PGE 
deposits, and the potential for Cl-bearing fluids to act as metal transport agents (Boudreau 
& McCallum, 1989; Boudreau & Hoatson, 2004; Boudreau et al., 1986; Boudreau & 
Kruger, 1990). Of the magmatic halogen-bearing minerals present at Marathon (apatite, 
biotite, and amphibole), apatite is the most suitable indicator of halogen (Cl, F) activity 
because it is present in most rocks, is stable over a wide temperature range, halogen 
substitution occurs over a wide temperature range, it does not involve other major 
element substitutions, and it is not susceptible to re-equilibration at low temperatures 
(<200°C) (Willmore et al., 2000; Boudreau & McCallum, 1989; Boudreau & Hoatson, 
2004).  
It has been suggested that Cl-bearing fluids could play an important role in the formation 
of PGE deposits in mafic-ultramafic layered intrusions, and therefore halogen contents of 
apatite can serve as an exploration tool for these deposits (Ballhaus and Stumpfl, 1986; 
Boudreau & McCallum, 1989; Willmore et al., 2002).  The distribution and composition 
of halogen-bearing minerals, however, are rarely reported in contact/conduit-type 
deposits (e.g., Schisa et al., 2014) and have not previously been described for the 
Marathon deposit. Therefore, in this study, we report the composition of apatite from the 
three mineralized zones at Marathon with respect to textural variation to further assess the 
role of volatile-related processes in various styles of PGE-Cu mineralization.  
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4.2 Geology 
4.2.1 Regional Geology 
The Proterozoic Coldwell alkaline complex, located on the northeastern shore of Lake 
Superior, is a large, unmetamorphosed, undeformed composite intrusive body (Walker et 
al. 1993) emplaced at 1108 ± 1 Ma (Heaman and Machado 1992). It is associated with the 
Mid-Continent Rift System and was emplaced into Archean metavolcanic, 
metasedimentry, and granitic rocks. This sub-circular complex has been subdivided into 
three intrusive centers (I, II and III) (Currie 1980; Mitchell and Platt, 1982; Walker et al., 
1993). Center I is the oldest intrusive phase and comprises syenite, syenodiorite, layered 
ferroaugite-amphibole syenite and a gabbroic unit (Eastern Gabbro), which hosts the 
Marathon deposit (Walker et al., 1993) (Fig. 4.1).  
4.2.2 Geology and Mineralization of the Two Duck Lake Gabbro 
The detailed geological setting of the Marathon deposit has been described by Good et al. 
(2015) and in Chapter 2, and the following is a summary. At the Marathon deposit, at 
least three distinct igneous series have been recognized on the basis of cross-cutting 
relationships, geochemistry, and petrographic characteristics (Good et al., 2015). The 
three series are: 1) metabasalts, 2) Layered Series, and 3) Marathon Series. 
The Marathon Series consists of the Two Duck Lake gabbro (TDLG), an augite troctolite-
wehrlite sill, and small pods of olivine clinopyroxenite and oxide melatroctolite (Good et 
al., 2015). The TDLG is the volumetrically dominant phase and is the principal host rock 
to the Marathon mineralization. The TDLG is distinguished from other gabbro types by 
cross-cutting relationships and textural features. It intruded the package of metabasalt 
below the Layered Series and just above the contact with Archean rocks. Due to heating 
by the Eastern Gabbro, the Archean footwall rocks partially melted, forming what is 
referred to as rheomorphic intrusive breccia (RIB) (Currie, 1980; Good et al., 2015).  The 
TDLG comprises varitextured, medium- to coarse-grained ophitic-textured gabbro that in 
some places contains irregular pegmatitic pods, as well as xenoliths of metabasalt and 
Archean metavolcanics. The pegmatite zones are mineralogically similar to the rest of the 
TDLG and vary in size from tens of centimeters to three meters, with plagioclase and 
pyroxene grains that generally range up to 10 to 15 centimeters in length.  The Marathon 
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deposit comprises three mineralized zones that occur in sub-parallel lenses with different 
textural, mineralogical and geochemical characteristics.  The three zones are the Footwall 
Zone, Main Zone, and W Horizon (Fig. 4.2). The Footwall Zone occurs at the base of the 
TDLG, at the contact with the Archean country rocks. The Main Zone occurs within the 
TDLG, above the Footwall Zone, and is the thickest and most continuous zone of 
mineralization. In the southern part of the deposit, the W Horizon occurs above the Main 
Zone and close to the upper contact of the TDLG (Fig. 4.2).  
The Footwall Zone comprises semi-massive to net-textured magmatic sulfides, whereas 
sulfides in the Main Zone are disseminated and interstitial to the silicate phases 
(Watkinson and Ohnenstetter, 1992; Samson et al., 2008). The W Horizon also consists of 
disseminated sulfides, but is distinguished from the Main Zone by containing lower 
modal abundances of hydrous minerals, a different suite of PGM (Good et al., 2016), less 
pyrrhotite and appreciably more bornite, lower bulk S contents, and higher PGE grades 
(Good, 2010; Ruthart, 2013). In addition, the various mineralized zones have 
considerably different Cu/Pd ratios (Good, 2010). (Table 1-1 in Chapter 1). 
4.3 Methods 
Over 700 representative samples from drill holes and surface samples, including the three 
mineralized zones, un-mineralized parts of the TDLG, and Archean country rocks were 
examined. Petrographic studies were conducted on 374 polished thin sections, and a 
subset representing the various lithologies, mineral textures, and styles of mineralization 
were chosen for further, detailed mineralogical and geochemical studies.  
Petrographic studies were carried out using both transmitted and reflected light optical 
microscopy and scanning electron microscopy (SEM) on polished thin sections. Energy 
dispersive spectrometry (EDS) was performed using an EDAX Si-Li detector coupled 
with an FEI Quanta 200f field emission SEM at the Advanced Microscopy and Materials 
Characterization Facility at the University of Windsor. Cathodoluminescence (CL) 
images were acquired on the same instrument using a Centaurus CL detector with a 
standard spectral range of 300 to 650 nm. EDS analyses were typically carried out at 15 
kV accelerating voltage, 3.5 µm beam width, and a working distance of about 10 mm. A 
	 179 
number of standard materials with known composition and also minerals previously 
analyzed using electron microprobe were used to evaluate the accuracy and precision of 
EDS analyses. The accuracy and precision of analyses are estimated to be better than 10% 
and 4%, respectively. 
Major- and minor-element mineral chemistry were determined using wavelength-
dispersive spectrometry (WDS) on a Cameca Camebax MBX electron microprobe at the 
Department of Earth Sciences, Carleton University, Ottawa. The analyses were performed 
at 15 kV accelerating voltage, 18 nA beam current, with a defocused 5 to10 µm diameter 
beam, and 20 seconds counting times. The accuracy and precision of major-element 
analyses are estimated to be better than 5% and 2% (1σ), respectively, and better than 
10% and 4% (1σ) for minor-element analyses, respectively.   
Trace-element contents of apatite were measured using a ThermoElectron X Series II 
inductively coupled plasma mass spectrometer (ICP-MS) coupled with a Quantronix 
Interga C multi-pass Ti:sapphire regenerative amplifier femtosecond laser in the Element 
and Heavy Isotope Analytical Laboratories, University of Windsor. The 785 nm (near 
infrared) laser was focused onto the sample with approximately 30 µJ energy and constant 
laser beam diameter of 25 µm and was rastered over the surface of samples at a rate of 5 
and 10 µm s-1. The precision (relative standard deviation) of all analyzed elements is 
better than 10% using NIST 610 as the external calibration standard (see Shaheen et al., 
2008 for details). Further details on analytical protocols can be found in Chapter 2.  
4.4 Results 
4.4.1 Petrography  
The TDLG is a varitextured, medium- to coarse-grained and pegmatitic gabbro. It 
comprises plagioclase, olivine, Fe-Ti oxides, and interstitial ophitic pyroxene. Apatite, 
biotite and amphibole are common accessory minerals. Euhedral, magmatic biotite and 
zoned hornblende occur in aggregates that also contain apatite, carbonate, epidote, 
titanite, and sulfide minerals (chalcopyrite and bornite) (Fig. 2.5 in Chapter 2). In these 
assemblages, carbonate, epidote and sulfide minerals are interstitial to hornblende and 
biotite. At the edges of the aggregates, these mineral assemblages are interstitial to the 
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anhydrous minerals of the surrounding gabbro. Within the aggregates, growth-zoned 
hornblende in particular has grown inwards from the edge of the aggregate. These 
aggregates are interpreted to have crystallized from pockets of residual hydrous melts, 
and will be subsequently referred to as residual hydrous melt aggregates. These mineral 
aggregates in the Footwall Zone are different from those in the W Horizon. In addition to 
biotite and hornblende, in the W Horizon these assemblages also contain titanite, and 
hydrothermal assemblages of epidote and carbonate, which are absent in the Footwall 
Zone. Biotite and homogeneous hornblende also occur adjacent to interstitial sulfide 
minerals, both as coarse, euhedral crystals and as a replacement after clinopyroxene and 
plagioclase, mostly in the W Horizon. Igneous minerals, most commonly pyroxene, are 
also replaced by secondary hydrothermal actinolite, chlorite, biotite, and serpentine, 
especially in the Main and Footwall zones. In some samples, epidote and carbonate are 
also present as alteration products. More details on the mineralogy and textures of the 
TDLG can be found in Chapter 2. 
In the Marathon deposit, apatite mostly occurs as euhedral to subhedral acicular and 
tabular prisms, and as anhedral crystals hosted by both altered and unaltered minerals 
(Fig. 4.3). Although apatite usually forms euhedral elongate inclusions in plagioclase, it 
can also be hosted by pyroxene, sulfide minerals, magnetite, and hydrous minerals, or 
along grain boundaries between these minerals (Fig. 4.3). Apatite also occurs, albeit 
rarely, as subhedral to anhedral crystals interstitial to large plagioclase crystals, which in 
some cases also enclose small plagioclase crystals (Fig. 4.4a, b). Observation of these two 
types of relationship of apatite with plagioclase in a given sample suggests that apatite 
crystallized simultaneously with plagioclase; this type is referred to as early apatite in this 
study. Apatite crystals along grain boundaries commonly have irregular (resorbed) 
external morphologies (Fig. 4.4c, d). Apatite grains vary in size but are usually not more 
than a few millimeters in length. However, unusual apatite oikocrysts, up to a few 
centimeters across, are associated with pegmatites. They are mostly subhedral to 
anhedral, but can be euhedral, resorbed along their rims, and are more common in the W 
Horizon than in the other zones. (Fig. 4.4b, c, d). Some early apatite crystals show 
oscillatory zoning (Fig. 4.5).  
The modal percentage of apatite in the TDLG also varies from none (in a given thin 
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section) up to 5%. However, some Marathon series rock types, such as oxide 
melatroctolite and olivine clinopyroxenite, contain up to 25% euhedral to subhedral 
cumulus apatite.  
A second, less abundant type of apatite is associated with magmatic hornblende and 
biotite in residual hydrous melt aggregates, suggesting that it crystallized at a late-stage. 
These apatite crystals will be referred to as late apatite. Late apatite crystals do not show 
any evidence of oscillatory zoning and exhibit replacement textures and patchy zoning. 
Replacement zones occur along crystal rims as well as around cracks; both of these late 
features will be referred to as replacement apatite in this study (Fig. 4.6a, b). Replacement 
apatite commonly contains fluid inclusions (Fig. 4.6c, d), which occur as either individual 
inclusions or as inclusion assemblages that are restricted to the replacement phase (Fig. 
4.6c, d). Some of the late apatite crystals with replacement apatite show patchy zoning 
(Fig. 4.6a), a feature that is absent from early apatite crystals. Replacement apatite and 
associated fluid inclusions are present in all late apatite crystals from the Footwall Zone 
and W Horizon, but have not been observed in the Main Zone. In the replacement rims of 
apatite from the W Horizon, carbonate occurs as an alteration of apatite.       
The Footwall Zone contains massive to semi-massive pyrrhotite with minor chalcopyrite, 
pentlandite, and pyrite (Fig. 4.7). Sulfide minerals in the Main Zone, are characterized by 
disseminated chalcopyrite, pyrrhotite ± pentlandite and exsolved cubanite within 
chalcopyrite (Fig. 4.7). Although chalcopyrite in the Main Zone shares equilibrium 
boundaries with pyrrhotite in some aggregates, most of the chalcopyrite exhibits 
disequilibrium textures and has replaced pyrrhotite (Fig. 4.7e). This secondary 
chalcopyrite is also commonly intergrown with hydrous silicate minerals. In both the 
Footwall and Main zones, sulfide minerals have replaced pyroxene lamellae in samples in 
which the hydrothermal alteration is relatively intense (Fig. 4.7f). Sulfide minerals in the 
W Horizon occur as disseminated chalcopyrite, bornite ± pyrrhotite, pentlandite, cubanite, 
and pyrite. Bornite is mostly represented by flame-like exsolution lamellae within 
chalcopyrite, and rarely as irregular patches in chalcopyrite. Bornite also occurs as 
disseminated individual grains and also in residual hydrous melt assemblages (Chapter 2). 
There are two main differences between the sulfide minerals in the Main Zone and W 
Horizon: bornite is common in the W Horizon but is rare in the Main Zone, and pyrrhotite 
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replacement by chalcopyrite is a significant texture in the Main Zone, whereas pyrrhotite 
is rare in the W Horizon. More details on sulfide mineral occurrence and textures can be 
found in Chapter 2 and 3. 
4.4.2 Mineral Chemistry  
A sunset of apatite WDS analyses are presented in Table 4-1. The F and Cl contents of 
apatite from the Marathon deposit are variable, ranging from 1.2 to 4.4 wt. % and 0 to 2.6 
wt. %, respectively.  
The Cl/F ratios of early of apatite are highest in the Footwall Zone, lower in the Main 
Zone, and lowest in the W Horizon (Figs. 4.8 & 4.9), such that Cl/F ratios decrease with 
increasing distance from the basal contact. Apatite crystals from the Archean country 
rocks that lie below the TDLG have a higher average Cl/F ratio than the cores of early 
apatite from the TDLG (Fig. 4.8). Although the rims of early apatite from the Footwall 
Zone have overall higher Cl/F ratios than the cores (Fig. 4.9), there is no consistent 
difference in the Cl/F ratio between core and rim of the majority of early apatite from the 
three mineralized zones that can be resolved given the precision of the analyses. The 
exception is four crystals from the Footwall Zone and one from the Main Zone (hosted by 
sulfide minerals), which have higher Cl/F ratio in the rim than the core.   
In the Footwall Zone, cores of late apatite crystals have similar Cl/F ratios to the cores of 
early apatite crystals, but are lower than the rims of early apatite (Fig. 4.9). In contrast, 
cores of late apatite from the W Horizon have higher Cl/F ratios than early apatite crystals 
in the W Horizon (Fig. 4.9). Late apatite crystals with patchy zoning exhibit variable Cl/F 
contents within the crystal. Replacement apatite in the Footwall Zone contains 
significantly higher Cl/F ratios (0.4 to 1.1) than the apatite that was replaced (0.1 to 0.4) 
(Fig. 4.9). Replacement apatite from the W Horizon, however, has much lower Cl/F ratios 
(0-0.1) compared to late apatite cores on which the replacement rims occur (0.3 to 0.7) 
(Fig. 4.9). Similar to early apatite crystals, replacement apatite from the Footwall Zone 
has higher Cl/F ratios than those from the W Horizon (Fig. 4.9).  
There is a correlation between the chemistry of apatite crystals in the Main zones and the 
mineral that they are hosted or associated with. Apatite crystals that are hosted by sulfide 
minerals in the Main Zone, have higher Cl/F ratios than those hosted by other minerals or 
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those that occur at grain boundaries or in granophyric patches (Fig. 4.10). This 
relationship is even observed within a single thin section. In contrast, for apatite from the 
W Horizon, there is no correlation between host mineral and Cl/F ratios (Fig. 4.10).  
There is also a systematic variation in halogen content with grade of mineralization (Fig. 
4.11). Rocks with higher grades of mineralization in the Main and Footwall zones 
generally contain apatite with higher Cl/F contents, whereas, in the W Horizon, higher 
grades correlate with lower Cl/F in apatite (Fig. 4.11). In Figure 4.11, the high PGE 
sample populations represent one sample from the Main Zone and two samples from the 
Footwall Zone.  Similarly, the low PGE populations represent one sample from the Main 
Zone and two samples from the Footwall Zone. The restricted amount of data is because 
PGE grades for surface samples and old drill holes are not available.    
There is no consistent increase or decrease in REE concentrations from core to rim of 
early apatite crystals (Table 4-2).  All apatite crystals have a LREE-enriched pattern with 
a negative Eu anomaly on a chondrite-normalized REE plot (Fig. 4.12). Most apatite 
crystals also exhibit a positive Ce anomaly, whereas replacement rims show no 
significant Ce anomaly (Fig. 4.12). Replacement rims have generally lower total REE and 
chondrite-normalized La/Lu compared to apatite that was replaced (Fig. 4.13). There is 
no correlation between Cl and REE contents of apatite. The replacement phase in late 
apatite from the Footwall Zone has higher overall Fe and Pb compared to the core that 
was replaced (Fig. 4.14). There are no differences in the concentrations of other trace 
elements between the cores of late apatite crystals and their replacement rims. In addition, 
sulfide-hosted early apatite grains in the Main Zone have higher S, Cu, and Pb compared 
to apatite in other textural settings in the Main Zone, even on the scale of a thin section 
(Fig. 4.15). There is no relationship between the concentration of other trace elements and 
the nature of the host mineral.    
4.5 Discussion 
At Marathon, apatite occurs as either early apatite crystallized simultaneously with 
plagioclase or as less abundant late apatite associated with magmatic biotite and 
hornblende. Late apatite exhibits replacement textures, which contain fluid inclusions. 
Early apatite crystals from the Footwall Zone have the highest Cl/F ratios whereas those 
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from the W Horizon contain the lowest Cl/F ratios. The Cl/F ratios of the replacement 
rims in the Footwall Zone are significantly higher than the late apatite, whereas in the W 
Horizon the replacement rims have lower Cl/F ratios than the late apatite.  
Numerous studies have concluded that fluids were important in the genesis of the 
Marathon deposit based on the location of PGM relative to hydrous minerals and 
pegmatitic textures, the occurrence of PGM in fluid inclusions, the replacement of 
magmatic sulfide minerals by hydrous minerals, and the textures and geochemistry of 
primary silicates (Watkinson & Jones, 1996; Watkinson & Ohnenstetter, 1992; Dahl et 
al., 2001; Chapter 2). Experimental studies indicate that Pt and Pd can be mobilized as 
chloro-complexes in high temperature, saline, acidic and oxidized fluids (Gammons et al., 
1992; Xiong and Wood, 2000). In addition, more recent work suggests that chloride-
carbonate fluids can move both the PPGE (Rh, Pt, Pd) and the IPGE (Ir, Os, Ru) more 
effectively than H2O-dominant fluids (Simon and Pettke, 2009; Blaine, 2010; Blaine et 
al., 2011). PGE transportation and accumulation by Cl-rich fluids exsolved from silicate 
liquids has been proposed for large igneous complexes, such as the Stillwater and 
Bushveld complexes, on the basis of apatite chemistry (Boudreau and McCullum, 1989; 
Boudreau and Krueger, 1990; Willmore et al., 2000; Kanitpanyacharoen and Boudreau, 
2013). Similarly, apatite chemistry and coexisting fluid and melt inclusion compositions 
in the South Kawishiwi intrusion of the Duluth Complex, also demonstrate the 
segregation of Cl-bearing fluids that could have mobilized PGE (Gál et al., 2011; Gál et 
al., 2013). The question here is whether the halogen chemistry of apatite from the 
Marathon deposit can constrain any role that volatiles may have played in the genesis of 
the deposit and provide insights into the composition of the volatiles.     
Textural and chemical characteristics of plagioclase and pyroxene of the TDLG indicated 
that the three mineralized zones had different petrogenetic histories and compositionally 
different magmas infiltrated the three zones presumably at different times after the 
emplacement of an earlier crystal mush of plagioclase and apatite (Chapter 2). That study 
also revealed that the metals were remobilized by volatiles, especially in the Footwall and 
Main zones (Chapter 2). Sulfur isotope studies also showed that the magmas of the three 
mineralized zones have experienced different petrogenetic histories. That study indicated 
that the Footwall Zone magma attained sulfur saturation at depth through crustal sulfur 
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contamination whereas the top of the Main Zone and W Horizon magmas either attained 
sulfur saturation through different processes or crustal sulfur signatures have been erased 
through equilibration with large amounts of magma passed through the upper parts of the 
TDLG (Chapter 3).  As with plagioclase and pyroxene, apatite from the three zones also 
exhibits chemical differences, primarily in Cl/F ratios (Fig. 4.8 and 4.9). Therefore, 
another question would be whether textural and chemical characteristics of the apatite can 
also reveal different petrogenetic histories between the three zones. 
4.5.1 Volatile Involvement in the Genesis of the Marathon Deposit 
Late apatite crystals are associated with late aggregates of hornblende, biotite, sulfide 
minerals, and carbonate. These aggregates were interpreted to indicate the presence of 
late-stage hydrous melts (Chapter 2). These late apatites have been only observed in the 
Footwall Zone and the W Horizon. Replacement rims on late apatite that contain fluid 
inclusions also indicate that the replacement resulted from interaction of volatiles with 
gabbroic rocks.   
There are three possible sources of the volatiles responsible for replacement. They could 
have been exsolved from the gabbroic magmas during late-stage crystallization. The 
ubiquitous presence of hydrothermal alteration around the residual hydrous melt 
aggregates indicates that a separate hydrous fluid exsolved from this late-stage melt. 
Volatile-basalt partition coefficients for Cl are significantly higher than for F (Mathez and 
Webster, 2005), and therefore the exsolved volatiles would have had higher Cl/F ratios 
than the magma. The second possibility is that the volatiles were derived from 
devolatilization of the Archean country rocks (cf. Barrie et al., 2002). Apatite crystals 
from the country rocks have high Cl/F ratios that are comparable to those of early apatite 
from the Footwall Zone, and on average are higher than the cores of early apatite from the 
Footwall Zone (Fig. 4.8). This suggests that volatiles derived from the country rocks 
could have had relatively high Cl/F ratios. The third possibility is that the volatiles were 
exsolved from the sulfide liquids. Hanley et al. (2005) suggested that H2O-poor, 
hydrocarbon-rich volatiles exsolved from fractionated sulfide liquid in the footwall of the 
Sudbury complex, and that these volatiles remobilized PGE and Au. This model is 
supported by the experimental study of Mungall and Brenan (2003), which showed that 
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Cl can be preferentially dissolved in moderate concentrations (up to 4 wt. %) in sulfide 
liquids relative to F.  
Fluid inclusions in replacement rims of apatite from Marathon (Smoke et al., 2013) are 
aqueous and associated with secondary chalcopyrite. It is therefore unlikely that sulfide 
liquid was the source of volatiles responsible for replacement given that any such 
volatiles are likely to have been water poor (cf. Hanley et al., 2005). If the Archean 
country rocks were the source of the volatiles, it would be expected that all apatite 
crystals in the gabbro, including the early apatite, would have been affected. None of the 
early apatite, however, exhibits any evidence of replacement.  It is therefore more likely 
that the source of the volatiles was residual silicate melt, represented by the residual 
hydrous melt aggregates. This model is consistent with the higher Cl/F ratios of 
replacement rims compared to the late apatite that was replaced in the Footwall Zone. 
These rims have the highest Cl/F ratios of any apatite analyzed at Marathon, which 
suggests that the interacting volatiles were Cl-rich. This model is not, however, consistent 
with the core-rim relationships in the W Horizon, in which the rims have lower Cl/F 
ratios than the cores, and some of the lowest Cl/F ratios in the system overall. These 
observations indicate that the chemistry of volatiles that interacted with late apatite 
crystals was different in the two zones, suggesting different sources of volatiles. The 
presence of hydrothermal carbonate and epidote in the late assemblages of the W Horizon 
as well as the presence of carbonate as an alteration of apatite in the replacement rims 
indicates that the volatiles that carbonate precipitated from were also responsible for 
apatite replacement rims. The absence of these minerals in the Footwall Zone further 
suggests that the chemistry of the volatiles in the two zones was different and that they 
had different sources. The source of volatiles in the W Horizon, however, is 
unconstrained.   
Smoke et al. (2013) reported that liquid-vapor inclusions within the apatite replacement 
rims of the Footwall Zone are coeval with secondary chalcopyrite. In the Footwall Zone, 
replacement rims of late apatite have high metal contents (Fig. 4.14) and are associated 
with chalcopyrite (Smoke et al., 2013) indicating that metals and S were remobilized by 
these volatiles.  
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Much of the chalcopyrite in the Main Zone has replaced pyrrhotite and is intergrown with 
hydrous silicate minerals, which also suggests that Cu was introduced into the system, 
presumably by volatiles. This observation can be explained by a process in which 
volatiles fluxed through the Footwall Zone, and transported Cu to the Main Zone. 
Replacement of pyrrhotite by chalcopyrite in the Main Zone and associated Cu 
metasomatism must have occurred after pyrrhotite crystallization in the Main Zone. 
Given that the sulfide minerals would have crystallized after the majority of silicate 
minerals, and that the Footwall Zone likely crystallized before the Main Zone (Chapter 
2), the volatiles exsolved from the late hydrous silicate melts in the Footwall Zone could 
not have been the source of the volatiles responsible for Cu metasomatism. This then 
requires that Cu was remobilized in two different stages, with two different sources of 
volatiles. The sources of volatiles for Cu metasomatism are not constrained yet, although 
one possibility could be devolatilization of the Archean country rocks.   
The positive correlation between Cl contents of late apatite with grade of mineralization 
in the Footwall Zone (Fig. 4.11) suggests that PGE were enriched by Cl-rich volatiles in 
the Footwall Zone, at least locally. This is consistent with models that have invoked 
hydrothermal deposition of PGM, which are based on the association of PGM with 
hydrous minerals, the presence of PGM in fluid inclusions, and observation of zoning in 
minerals, such as hollingworthite [(Rh,Pt,Pd)AsS] (Ohnenstetter et al., 1991; Watkinson 
and Ohnenstetter, 1992; Watkinson & Jones, 1996). In contrast, there is no relationship 
between the grade of mineralization and Cl contents of late apatite in the W Horizon. 
Although the relationship between grade of mineralization and the Cl content of apatite 
supports these interpretations, they have to be considered preliminary and more data are 
needed to further clarify the relationships.   
4.5.2 Early Apatite and Petrogenetic Implications for the TDLG 
As was discussed in the previous section, volatiles interacted with late apatite, which was 
consequently replaced. The question then arises as to whether the early apatite was 
affected by late-stage interaction with such volatiles. There is certainly no textural 
evidence of replacement of the early apatite, but it is possible that diffusional re-
equilibration occurred (cf. Brenan, 1994). 
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In the Main Zone, high S, Cu, and Pb contents of sulfide-hosted early apatite can be 
explained by interaction of early apatite with Cl-bearing sulfide liquid or a Cl-rich 
volatile phase exsolved from a sulfide liquid, and the addition of Cl through diffusion. 
Brenan (1994), in an experimental study, showed that the halogen contents of apatite 
crystals can be rapidly modified by diffusion, parallel to the c axis, from coexisting melts 
or fluids. Apatite crystals will maintain their original chemistry only if they cooled 
rapidly after crystallization, initially crystallized at low temperatures, or were isolated 
from later melts or fluids (e.g., as inclusions in other minerals) (Brenan, 1994). The 
higher Cl/F ratios of early apatite crystals from rocks with higher grades of mineralization 
(Fig. 4.11) in the Main and Footwall zones can also be explained by diffusional 
reequilibration with sulfide liquid becasue those rocks have higher abundances of sulfide 
minerals and most of the apatite crystals analyzed in those samples were hosted by sulfide 
minerals. As with the late apatite, this interpretation should be used with caution becasue 
more data are needed to fully understand the relationships. The overall higher Cl/F range 
in the rims than the cores of early apatite from the Footwall Zone could also be related to 
reequilibration with sulfide liquid. Apatite hosted by hydrous minerals, however, also has 
very high Cl/F ratios suggesting that the Footwall Zone magma was overall enriched in 
Cl. In contrast, early apatite crystals from the W Horizon have low Cl/F ratios and there is 
no relationship between host mineral and Cl/F ratio, although the W Horizon contains 
much lower sulfide mineral modal abundances. The overall higher Cl/F ratios of the 
Footwall and Main zones compared to the W Horizon indicate that the Footwall and Main 
Zone magmas had higher Cl contents than the W Horizon magma. 
Magmas formed by simple extensional decompression melting (e.g. mid ocean ridge 
basalts) are relatively dry (<0.2 wt. % H2O) and have Cl/F ratios less than 1, such that 
apatite that crystallizes from such magmas is fluorine-rich (Boudreau and Hoatson, 2004). 
For example, both the Skaergaard intrusion and the Great Dyke, which are associated 
with extensional environments (Boudreau and Hoatson, 2004; Nielsen et al., 2005; 
Schulte et al., 2010), have low Cl/F ratios (<0.7) (Fig. 4.16). Wet magmas, such as 
subduction zone magmas, boninites, and mantle hot spots, however, have H2O contents of 
more than 1 wt. %, and Cl/F ratios greater than 1 (Boudreau and Hoatson, 2004). The 
high Cl content of apatite from the Stillwater and Bushveld complexes (Fig. 4.16) is 
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consistent with their boninite-like parent magmas, which likely were volatile-rich 
(Boudreau and Hoatson, 2004). Given that the TDLG is related to an extensional 
environment similar to the tectonic settings of the Skaergaard and Great Dyke plutons, it 
is expected that the TDL magmas would have initially been relatively dry with low Cl/F 
ratios, and that apatite that crystallized from such a melt would have been fluorapatite. 
The scarcity of primary amphibole in the TDLG also suggests that the magma was 
relatively volatile poor, except at the end stages of crystallization. During magma 
degassing, the melt will become enriched in F relative to Cl, as Cl preferentially partitions 
into exsolving volatiles (Boudreau et al, 1995; Mathez and Webster, 2005). Therefore, 
magma degassing results in a progressive decrease in the Cl/F ratio of apatite crystallizing 
from such magmas (Boudreau and McCallum, 1989; Boudreau et al, 1995; Willmore et 
al, 2000). The variation of halogen contents of apatite throughout the stratigraphy of the 
Bushveld and Stillwater complexes has been explained by magma degassing during 
solidification and equilibration of apatite with Cl-rich hydrothermal fluids exsolved from 
silicate melts (Boudreau and McCallum, 1989; Boudreau et al, 1995; Willmore et al, 
2000). The variation of Cl/F ratios for the early apatite from the three mineralized zones 
in the Marathon deposit, however, could not have resulted from similar processes as they 
crystallized early at depth (see later discussion) and must have been isolated by the 
enclosing minerals from later modification by fluids exsolved during late-stage magma 
crystallization. Higher Cl/F ratios of some apatite crystals from the TDLG compared to 
those from the Skaergaard intrusion and Great Dyke (Fig. 4.16) can be, however, 
explained if Cl was added at the time that sulfur contamination occurred at depth (Chapter 
3). Sulfur isotope studies (Chapter 3) indicate that the degree of contamination decreases 
upward in the system, from the Footwall Zone to the Main Zone, to the W Horizon. 
Addition of Cl during contamination is therefore consistent with the overall decrease in 
Cl contents in apatite upwards in the system (Figs. 4.8 & 4.9), and with the conclusion 
from the isotope studies that Archean sedimentary rocks were the source of sulfur 
contamination at depth (Chapter 3).  
Although late apatite exists, and is associated with late hydrous melts, most apatite in the 
TDLG crystallized early. The negative Eu anomaly in early apatite indicates simultaneous 
plagioclase and apatite crystallization. In mafic magmas, plagioclase is the only major 
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phase that extracts Eu2+and depletes Eu in the magma (Rollinson, 1993). MELTS 
(Ghiorso, 1985; Ghiorso, 1994; Ghiorso and Sack, 1995) modeling (not presented in this 
dissertation) showed that apatite should only crystallize from a primitive basaltic melt 
after extensive fractional crystallization. The Coubran basalt, which overlies the Coldwell 
Complex, is considered to be the extrusive equivalent of the TDLG based on trace 
element characteristics (Cundari, 2012).  When the Coubran basalt is used as an initial 
magma composition to model crystallization of the TDLG, plagioclase could not be 
crystallized earlier than pyroxene or olivine, suggesting that the TDLG does not represent 
a primitive basaltic composition.  
Tollari et al. (2006) showed that phosphate saturation in a melt depends on melt 
chemistry and temperature, and defined an equation to calculate the P2O5 content of 
silicate melts saturated in fluorapatite. At about 1200 °C, a basaltic melt requires about 3 
wt. % P2O5 to attain apatite saturation (Tollari et al., 2006). However, as temperature 
decreases and, more importantly, as SiO2 and CaO contents of the melt increase, the P2O5 
concentration required for apatite saturation decreases.  Early apatite crystallization at 
Marathon would require that either the basaltic melt had a high P content, to meet the 
required P2O5 for early saturation at high temperature, or had high Ca contents, which 
would decrease the P2O5 content required for early saturation. The 1.1 Ga Midcontinent 
Rift is associated with Keweenawan magmatism in which large volumes of Keweenawan 
basalt were emplaced during rifting (Green, 1983; Klewin and Shirey, 1992). The range 
of P and Ca in Keweenawan and Coubran basalts (Lightfoot et al., 1991; Cundari, 2012) 
indicate that crystallization of early apatite from these basaltic compositions is unlikely, 
which supports the conclusion from the MELTS modeling that the TDLG did not 
crystallize from a primitive melt. Given that the parent melt for the TDLG was mantle-
derived and basaltic, apatite and plagioclase could only have crystallized after extensive 
crystallization at depth from an evolved magma, and subsequently transported to higher 
crustal levels by entrainment in subsequent batches of basaltic magma. The model is 
consistent with observed resorption textures of plagioclase (Chapter 2) and early apatite, 
which indicate that early-crystallized plagioclase and apatite were not in equilibrium with 
later basaltic magmas. Plagioclase of the TDLG commonly exhibits resorption textures, 
and individual crystals can contain one or two internal resorption surfaces (Chapter 2). 
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This model is also consistent with the conclusions of Mitchell et al. (1993) who suggested 
that the syenites were derived from fractional crystallization of basaltic melts.  It is also 
consistent with the suggestion of Good and Crocket (1994; Chapter 2) that the TDLG was 
emplaced as a plagioclase-rich crystal mush.     
Belousova et al. (2002) proposed that Sr, Y, Mn, and ∑REE contents in apatite, as well as 
the degree of LREE enrichment and the size of Eu anomaly, can distinguish apatite from 
different rock types. In comparison with apatite from the mafic rocks used in their 
compilation, apatite from Marathon is dissimilar, and plots outside of the field for mafic 
rocks in the discriminant plots of Belousova et al. (2002) (Fig. 4.17). This likely reflects 
the fact that Belousova et al. (2002) used only two mafic rocks, larvikite from the 
Permian Oslo Rift and dolerite from the Crimean Mountains, to define apatite 
compositions for mafic rocks. As shown by the composition of apatite from the TDLG, 
the mafic field on the diagrams of Belousova et al. (2002) is not representative of all 
mafic rocks and should not as yet be universally applied.   
4.6 Conclusion 
Late apatite crystals in the Marathon deposit, which only occur in the Footwall Zone and 
W Horizon, crystallized from late-stage volatile-rich melts. Replacement rims of these 
late apatite crystals contain primary aqueous fluid inclusions (cf Smoke et al., 2013), 
which indicates that volatiles interacted with these late apatite crystals. In the Footwall 
Zone, the replacement rims have higher Cl/F ratios than the late apatite they replaced, 
consistent with the host silicate melts being the volatile source.  The replacement rims in 
the W Horizon, however, contain lower Cl/F ratios than the late apatite in that zone, and 
the source of volatiles is unconstrained. Replacement rims in the Footwall Zone contain 
high metal contents and are associated with chalcopyrite indicating that metals and S 
were remobilized by volatiles. The positive correlation between grade of PGE 
mineralization and Cl contents of apatite in the Footwall Zone suggests that PGE have 
also been enriched by Cl-rich volatiles, at least locally.         
The overall higher Cl/F ratios of apatite in the Footwall and Main zones compared to the 
W Horizon indicate that the magmas from which the Footwall and Main zones 
crystallized had higher Cl contents than those that formed the W Horizon. Magmas 
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generated by simple extensional decompression melting have been reported to be volatile-
poor and apatite crystallizing from such magmas would be fluorine-rich (Boudreau et al., 
1997). Therefore, higher Cl/F ratios in the Footwall and Main zones compared to the W 
Horizon and other extensional-related intrusions (e.g., Skaergaard intrusion and Great 
Dyke) can be explained if Cl was added at the time that sulfur contamination occurred at 
depth (Chapter 3). The Cl/F ratios of apatite from the three zones are consistent with 
conclusions from the sulfur isotopic data, in which W Horizon magmas were not 
contaminated, and the Main Zone magmas were less contaminated than those in the 
Footwall Zone. Given that the parent melts for the TDLG were mantle-derived and 
basaltic, both MELTS modeling and phosphate solubility constraints (Tollari et al., 2006) 
indicated that apatite should only crystallize after extensive fractional crystallization. The 
same conclusion can be drawn from the MELTS modeling of plagioclase crystallization. 
Therefore, plagioclase and apatite could only have crystallized after extensive 
crystallization at depth from an evolved magma, and subsequently transported to higher 
crustal levels by entrainment in later batches of basaltic magma. The model is consistent 
with observed resorption textures shown by both plagioclase (Chapter 2) and early 
apatite, which indicates that early-crystallized plagioclase and apatite were not in 
equilibrium with later basaltic magmas. 
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Figure 4.1 Geological map of the Coldwell Complex showing the Eastern Gabbro, the syenitic 
rocks and the location of the Marathon deposit (modified after Good et al., 2015). The intrusive 
centers have been shown by Roman numerals (modified after Mulja and Mitchell, 1991). 
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Figure 4.2 A schematic cross section of the southern part of the Marathon deposit showing the 
stratigraphic distribution of three different mineralized zones and their relationship (modified 
after Good et al., 2015). 
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Figure 4.3 Photomicrographs representing the variation in textural characteristics and host 
assemblages of apatite from the three mineralized zones. a & b) Main Zone, c & d) Footwall 
Zone, e & f) W Horizon. 
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Figure 4.4 Photomicrographs showing: a & b) subhedral to anhedral apatite interstitial to 
plagioclase crystals, c & d) resorbed early-crystallized apatite. 
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Figure 4.5 SEM-Cathodoluminescence images of apatite crystals with EMPA data of different 
zones. a) growth zoning in a crystal from the Main Zone with no significant variation in Cl/F 
between zones, b) outer replacement zone with higher Cl/F than the relict core (from the Footwall 
Zone) – boundary marked by the dotted line. 
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Figure 4.6 Photomicrographs of apatite. a) XPL image of apatite showing zoning and replacement 
texture, b) CL image of marked area with red box on image a showing replacement textures along 
the rim of the crystal and late veins, c) fluid inclusions in apatite from the late vein (red rectangle 
in b), d) fluid inclusions in apatite along replacement rims.  
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Figure 4.7 Photomicrographs representing different sulfide occurrence and assemblages. a) 
massive sulfide from the Footwall Zone, b) disseminated chalcopyrite, c) chalcopyrite replaced 
primary magmatic pyrrhotite, d) bornite blebs and lamellae within chalcopyrite, e) chalcopyrite 
intergrown with hydrous minerals, and f) sulfides replacing pyroxene lamellae within altered 
pyroxene.       
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Figure 4.8 Box-whisker plot comparing Cl/F ratios of early apatite crystals from different parts of 
the Marathon deposit. 
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Figure 4.9 Box-whisker plot comparing Cl/F ratios of apatite between different zones of a crystal 
from different mineralized zones and also between early apatite and late apatite with replacement 
rims. Core to rim Cl/F variation of early apatite crystals, and core-replacement rim relationship in 
late apatite crystals showing replacement texture. 
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Figure 4.10 Box-whisker plot comparing Cl/F ratios of apatite hosted by different minerals and 
also apatite occurrence within grain boundary and granophyric patches. 
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Figure 4.11 Ternary diagram showing F-Cl variation in apatite from different mineralized zones 
and their relationship with the grade of mineralization. Filled symbols represent late apatite 
crystals with replacement texture and open symbols are early apatite crystals. Inset ternary 
diagram represent part of the ternary diagram that is blown up for the W Horizon. 
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Figure 4.12 Chondrite-normalized REE plot shows negative Eu anomaly for all apatite crystals. 
Most apatite crystals also exhibit positive Ce anomaly whereas replacement rims do not show any 
Ce anomaly. 
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Figure 4.13 Trace element variation in different apatite crystals shows that replacement rims have 
lower La/Lu ratios and total REE than apatite that is replaced. 
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Figure 4.14 Box-whisker plot indicating that replacement rims of apatite from the Footwall Zone 
have higher Cl, Fe, and Pb compared to the late apatite that are replaced.  
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Figure 4.15 Box-whisker plot showing that sulfide-hosted early apatite crystals from the Main 
Zone have higher S, Cu and Pb than apatite hosted by other minerals.  
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Figure 4.16 F-Cl-OH compositional variation in apatite from the Marathon deposit comparing 
with other intrusions.  
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Figure 4.17 Binary discriminant plots showing field of apatite composition of different rock types 
(modified after Belaousova et al., 2002). Blue diamonds represent early apatite compositions at 
Marathon that mostly overlap with the field of granitoids.    
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Table 4-1 Representative apatite compositions of mineralized zones and Archean country 
rocks of the Marathon deposit.  
Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone 
Sample No. M05-94-194.4 (1) apa 1-1 
M05-94-194.4 (1) 
apa 1-3 
M05-94-194.4 (1) 
apa 1-4 
M05-94-194.4 (1) 
apa 1-5 
Host 
Mineral Hydrous minerals Hydrous minerals Hydrous minerals Hydrous minerals 
Description Late apatite Late apatite Rim Replacement rim 
Sum PGE 
(ppm) 2.48 2.48 2.48 2.48 
Wt% 
    P2O5 42 42 42 42 
SiO2 0.21 0.24 0.14 0.24 
FeO 0.11 0.07 0.01 0.01 
MnO 0.06 0.07 0.09 0.06 
CaO 55 55 56 55 
SrO 0.07 0.09 0.1 0.08 
BaO 0.28 0.00 0.00 0.00 
Na2O 0.02 0.02 0.00 0.02 
La2O3 0.09 0.64 0.13 0.21 
Ce2O3 0.30 0.28 0.20 0.35 
Nd2O3 0.11 0.07 0.18 0.27 
Y2O3 0.11 0.00 0.00 0.00 
SO3 0.00 0.01 0.00 0.00 
F 2.1 2.2 1.5 2.0 
Cl 0.9 0.5 0.6 1.2 
Total 101.0 101.2 100.5 101.4 
 
    O≠F 1.1 1.0 0.8 1.1 
Total_1 99.9 100.2 99.7 100.3 
X(F) 0.6 0.6 0.4 0.5 
X(Cl) 0.1 0.1 0.1 0.2 
X(OH) 0.3 0.4 0.5 0.3 									
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Cont.	
Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone 
Sample No. M05-94-194.4 (1) apa 1-6    
M05-94-194.4 (1) 
apa 1-7      
M05-94-194.4 (1) 
apa 1-8    
M09-480-59.22 (2) 
apatite 2-1 (core)   
Host 
Mineral 
Hydrous 
minerals Hydrous minerals 
Hydrous 
minerals Hydrous minerals 
Description Replacement rim Replacement rim Replacement rim Replacement rim 
Sum PGE 
(ppm) 2.48 2.48 2.48 0.38 
Wt% 
    P2O5 42 41 41 42 
SiO2 0.08 0.26 0.24 0.21 
FeO 0.03 0.12 0.11 0.05 
MnO 0.03 0.17 0.15 0.09 
CaO 55 54 55 55 
SrO 0.11 0.16 0.15 0.05 
BaO 0.00 0.00 0.00 0.01 
Na2O 0.00 0.04 0.03 0.08 
La2O3 0.13 0.19 0.20 0.18 
Ce2O3 0.16 0.38 0.35 0.34 
Nd2O3 0.05 0.21 0.26 0.14 
Y2O3 0.00 0.00 0.00 0.00 
SO3 0.00 0.00 0.00 0.08 
F 1.5 1.2 1.6 2.6 
Cl 0.8 2.4 1.8 0.9 
Total 100.1 100.8 101.4 101.5 
 
    O≠F 0.8 1.1 1.1 1.32 
Total_1 99.3 99.7 100.3 100.13 
X(F) 0.4 0.3 0.4 0.7 
X(Cl) 0.1 0.4 0.3 0.1 
X(OH) 0.5 0.3 0.3 0.2 										
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Cont.	
Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone 
Sample No. M09-480-59.22 (2) apatite 2-2 (rim)  
M09-480-59.22 (2) 
apatite 2-1 (core)   
M09-480-59.22 (2) 
apatite 2-1 (rim)  
M09-480-59.22 (1) 
apatite 1 (rim) 
Host 
Mineral Hydrous minerals Hydrous minerals Hydrous minerals Hydrous minerals 
Description Late apatite Replacement rim Late apatite Replacement rim 
Sum PGE 
(ppm) 0.38 0.38 0.38 0.38 
Wt% 
    P2O5 41 41 42 42 
SiO2 0.24 0.23 0.08 0.12 
FeO 0.04 0.03 0.03 0.05 
MnO 0.04 0.07 0.02 0.05 
CaO 55 55 55 55 
SrO 0.08 0.05 0.05 0.04 
BaO 0.01 0.00 0.00 0.00 
Na2O 0.03 0.06 0.00 0.01 
La2O3 0.20 0.16 0.06 0.05 
Ce2O3 0.32 0.33 0.07 0.09 
Nd2O3 0.12 0.2 0.08 0.14 
Y2O3 0.00 0.00 0.00 0.00 
SO3 0.00 0.07 0.00 0.02 
F 3.0 2.7 2.7 2.5 
Cl 0.1 0.4 0.4 0.5 
Total 100.3 100.2 101.1 100.9 
     O≠F 1.28 1.21 1.23 1.16 
Total_1 99.05 98.97 99.83 99.69 
X(F) 0.8 0.7 0.7 0.7 
X(Cl) 0.0 0.1 0.1 0.1 
X(OH) 0.2 0.2 0.2 0.3 												
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Cont.	
Zone Footwall Zone Footwall Zone Main Zone Main Zone 
Sample No. M09-480-59.22 (1) apatite 1 (middle) 
M09-480-59.22 (1) 
apatite 1 (core) 
G10-2(2) (3) 
apa 1-1   
G10-2(2) (3) 
apa 1-2  
Host 
Mineral Hydrous minerals Hydrous minerals Sulfide Sulfide 
Description Replacement rim Core Rim Core 
Sum PGE 
(ppm) 0.38 0.38 3.57 3.57 
Wt% 
    P2O5 42 42 42 43 
SiO2 0.22 0.2 0.19 0.21 
FeO 0 0.15 0.26 0.35 
MnO 0.05 0.06 0.1 0.07 
CaO 55 54 55 55 
SrO 0.04 0.05 0.07 0.05 
BaO 0.01 0.01 0.00 0.00 
Na2O 0.04 0.12 0.04 0.04 
La2O3 0.17 0.17 0.19 0.19 
Ce2O3 0.26 0.30 0.32 0.30 
Nd2O3 0.11 0.1 0.1 0.09 
Y2O3 0.00 0.00 0.00 0.00 
SO3 0.03 0.06 0.02 0.03 
F 2.5 2.4 2.1 2.2 
Cl 0.2 1.1 1.3 1.5 
Total 100.3 100.7 101.9 102.2 
     O≠F 1.09 1.25 1.2 1.23 
Total_1 99.24 99.4 100.7 100.99 
X(F) 0.7 0.6 0.6 0.6 
X(Cl) 0.0 0.2 0.2 0.2 
X(OH) 0.3 0.2 0.2 0.2 												
	 220 
Cont.	
Zone Main Zone Main Zone Main Zone Main Zone 
Sample No. G10-2(2) (1) apa 1-1  
G10-2(2) (1) apa 
1-2  
G10-2(2) (1) apa 
1-3  
G10-2(2) (1) apa 
1-4  
Host Mineral Sulfide Sulfide Sulfide Sulfide 
Description Rim Core Rim Core 
Sum PGE 
(ppm) 3.57 3.57 3.57 3.57 
Wt% 
    P2O5 41 42 41 42 
SiO2 0.32 0.28 0.25 0.29 
FeO 0.15 0.23 0.26 0.25 
MnO 0.09 0.06 0.13 0.09 
CaO 55 54 55 55 
SrO 0.1 0.05 0.04 0.06 
BaO 0.00 0.00 0.00 0.00 
Na2O 0.02 0.01 0.02 0.02 
La2O3 0.23 0.22 0.20 0.22 
Ce2O3 0.32 0.33 0.34 0.39 
Nd2O3 0.06 0.18 0.15 0.17 
Y2O3 0.00 0.00 0.00 0.00 
SO3 0.00 0.00 0.02 0.01 
F 2.2 2.1 1.9 2.3 
Cl 1.1 1.0 1.1 1.2 
Total 100.9 100.6 100.8 101.6 
     O≠F 1.17 1.13 1.03 1.21 
Total_1 99.74 99.47 99.78 100.38 
X(F) 0.6 0.6 0.5 0.6 
X(Cl) 0.2 0.1 0.2 0.2 
X(OH) 0.3 0.3 0.4 0.2 													
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Cont.	
Zone Main Zone Main Zone Main Zone Main Zone 
Sample No. M11-514-450.43 (2)  apatite 1-1 (rim             
M11-514-450.43 (2)  
apatite 1-2 (rim)  
M11-514-450.43 
(2)  apatite 1-3  
M11-514-450.43 
(2)  apatite 1-4      
Host 
Mineral Grain boundary Grain boundary Grain boundary Grain boundary 
Description Rim Rim Core Core 
Sum PGE 
(ppm) 0.4 0.4 0.4 0.4 
Wt% 
    P2O5 41 41 41 41 
SiO2 0.19 0.19 0.2 0.19 
FeO 0.21 0.23 0.19 0.17 
MnO 0.06 0.05 0.05 0.05 
CaO 54 54 54 55 
SrO 0.1 0.11 0.07 0.11 
BaO 0.01 0.00 0.00 0.00 
Na2O 0.03 0.04 0.06 0.06 
La2O3 0.13 0.15 0.16 0.14 
Ce2O3 0.31 0.24 0.31 0.26 
Nd2O3 0.11 0.22 0.24 0.2 
Y2O3 0.00 0.00 0.00 0.00 
SO3 0.00 0.00 0.00 0.00 
F 3.5 3.5 3.5 3.2 
Cl 0.4 0.4 0.5 0.3 
Total 100.5 100.5 100.7 100.6 
     O≠F 1.54 1.56 1.59 1.41 
Total_1 98.98 98.98 99.12 99.22 
X(F) 0.9 0.9 1.0 0.9 
X(Cl) 0.1 0.1 0.1 0.0 
X(OH) 0.0 0.0 0.0 0.1 												
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Cont.	
Zone Main Zone Main Zone Main Zone W-Horizon 
Sample No. M11-514-450.43 (1)  apatite 1-1 
M11-514-450.43 (1)  
apatite 1-2 
M11-514-450.43 (1)  
apatite 1-3  
59415B (2) 
apa1-1  
Host 
Mineral Grain boundary Grain boundary Grain boundary Plagioclase 
Description Core Rim Rim Core 
Sum PGE 
(ppm) 0.4 0.4 0.4 59.52 
Wt% 
    P2O5 43 42 42 43 
SiO2 0.19 0.23 0.19 0.21 
FeO 0.24 0.2 0.22 0.07 
MnO 0.02 0.05 0.05 0.09 
CaO 54 55 54 55 
SrO 0.11 0.11 0.12 0.17 
BaO 0.00 0.00 0.01 0.10 
Na2O 0.04 0.04 0.05 0.04 
La2O3 0.11 0.10 0.11 0.13 
Ce2O3 0.23 0.24 0.23 0.32 
Nd2O3 0.27 0.24 0.14 0.21 
Y2O3 0.00 0.00 0.00 0.11 
SO3 0.00 0.02 0.00 0.02 
F 2.8 2.8 2.9 2.9 
Cl 0.3 0.3 0.3 0.4 
Total 101.1 100.8 100.6 102.6 
     O≠F 1.26 1.24 1.28 1.33 
Total_1 99.88 99.58 99.29 101.22 
X(F) 0.8 0.7 0.8 0.8 
X(Cl) 0.0 0.0 0.0 0.1 
X(OH) 0.2 0.2 0.2 0.2 												
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Cont.	
Zone W-Horizon W-Horizon W-Horizon W-Horizon W-Horizon 
Sample No. 59415B (2) apa1-2 
59415B (2) 
apa1-3  
59415B (2) 
apa1-4  
59415B (2) 
apa1-5  
59415B (1) 
apa1-1  
Host Mineral Plagioclase Plagioclase Plagioclase Plagioclase Hydrous minerals 
Description Rim Rim Rim Rim Rim 
Sum PGE 
(ppm) 59.52 59.52 59.52 59.52 59.52 
Wt% 
     P2O5 41 42 42 42 42 
SiO2 0.17 0.2 0.24 0.25 0.21 
FeO 0.15 0.32 0.2 0.18 0.19 
MnO 0.07 0.07 0.07 0.1 0.03 
CaO 55 56 55 55 55 
SrO 0.17 0.06 0.16 0.11 0.07 
BaO 0.09 0.14 0.07 0.02 0.04 
Na2O 0.03 0.03 0.02 0.03 0.00 
La2O3 0.16 0.11 0.13 0.13 0.11 
Ce2O3 0.31 0.34 0.35 0.38 0.31 
Nd2O3 0.23 0.22 0.24 0.2 0.16 
Y2O3 0.11 0.10 0.13 0.13 0.11 
SO3 0.02 0.00 0.00 0.01 0.00 
F 3.2 3.0 2.9 3.2 2.8 
Cl 0.3 0.3 0.4 0.4 0.4 
Total 101.5 102.4 101.7 102.0 101.6 
      O≠F 1.4 1.31 1.31 1.42 1.28 
Total_1 100.09 101.04 100.37 100.62 100.29 
X(F) 0.8 0.8 0.8 0.8 0.8 
X(Cl) 0.0 0.0 0.1 0.1 0.1 
X(OH) 0.1 0.2 0.2 0.1 0.2 												
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Cont.	
Zone W-Horizon W-Horizon W-Horizon W-Horizon W-Horizon 
Sample No. 59415B (1) apa1-3 
59415B (1) 
apa1-4 
59415B (1) 
apa1-6  
59290 (3) apa 1 
(core)   
59290 (3) apa 1 
(rim)  
Host 
Mineral 
Hydrous 
minerals 
Hydrous 
minerals 
Hydrous 
minerals 
Hydrous 
minerals 
Hydrous 
minerals 
Description Rim Core Rim Late apatite Replacement rim 
Sum PGE 
(ppm) 59.52 59.52 59.52 1.02 1.02 
Wt% 
     P2O5 41 42 42 42 42 
SiO2 0.17 0.23 0.3 0.18 0.06 
FeO 0.23 0.22 0.25 0.19 0.01 
MnO 0.06 0.06 0.1 0.1 0.02 
CaO 55 55 55 54 56 
SrO 0.12 0.13 0.13 0.1 0.14 
BaO 0.05 0.10 0.00 0.00 0.00 
Na2O 0.01 0.01 0.03 0.05 0.01 
La2O3 0.15 0.09 0.17 0.12 0.02 
Ce2O3 0.26 0.32 0.45 0.21 0.00 
Nd2O3 0.32 0.21 0.3 0.11 0.06 
Y2O3 0.08 0.11 0.11 0.00 0.00 
SO3 0.00 0.01 0.00 0.00 0.00 
F 3.2 3.3 2.8 2.2 2.8 
Cl 0.4 0.3 0.4 1.5 0.0 
Total 101.7 102.1 102.2 101.1 101.1 
      O≠F 1.42 1.45 1.27 1.28 1.18 
Total_1 100.28 100.6 100.91 99.83 99.94 
X(F) 0.9 0.9 0.7 0.6 0.7 
X(Cl) 0.1 0.0 0.1 0.2 0.0 
X(OH) 0.1 0.1 0.2 0.2 0.3 											
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Cont.	
Zone W-Horizon W-Horizon W-Horizon W-Horizon 
Sample No. 59290 (4) apa 2-1 59290 (4) apa 2-2     59290 (4) apa 2-3 59290 (4) apa 3-1 (core) 
Host Mineral Hydrous minerals Hydrous minerals 
Hydrous 
minerals Hydrous minerals 
Description Late apatite Late apatite Replacement rim Late apatite 
Sum PGE 
(ppm) 1.02 1.02 1.02 1.02 
Wt% 
    P2O5 42 41 41 42 
SiO2 0.24 0.19 0.16 0.19 
FeO 0.17 0.15 0.03 0.22 
MnO 0.07 0.07 0.05 0.06 
CaO 55 55 56 55 
SrO 0.1 0.08 0.12 0.12 
BaO 0.00 0.01 0.01 0.00 
Na2O 0.05 0.04 0.04 0.04 
La2O3 0.15 0.13 0.09 0.08 
Ce2O3 0.25 0.22 0.17 0.29 
Nd2O3 0.16 0.14 0.15 0.1 
Y2O3 0.00 0.00 0.00 0.00 
SO3 0.03 0.01 0.00 0.04 
F 2.3 2.2 2.5 2.6 
Cl 1.3 1.4 0.2 1.2 
Total 101.3 100.6 99.9 101.0 
     O≠F 1.24 1.25 1.08 1.37 
Total_1 100.03 99.36 98.85 99.65 
X(F) 0.6 0.6 0.7 0.7 
X(Cl) 0.2 0.2 0.0 0.2 
X(OH) 0.2 0.2 0.3 0.1 											
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Cont.	
Zone W-Horizon Archean rocks Archean rocks Archean rocks 
Sample No. 59290 (4) apa 3-2 (rim)  
M08-468-169.91 (1)  
f. gr. subh. apatite   
M08-468-169.91 (1)  
f. gr. subh. apatite   
M08-468-169.91 (2)  
f. gr. subh. apatite   
Host 
Mineral 
Hydrous 
minerals       
Descriptio
n 
Replacement 
rim Core Core Core 
Sum PGE 
(ppm) 1.02       
Wt% 
    P2O5 43 42 42 42 
SiO2 0.06 0.34 0.47 0.44 
FeO 0.16 0.28 0.23 0.18 
MnO 0 0.09 0.1 0.08 
CaO 55 54 55 54 
SrO 0.12 0.07 0.04 0.07 
BaO 0.03 0.03 0.00 0.02 
Na2O 0.01 0.08 0.10 0.13 
La2O3 0.04 0.32 0.31 0.26 
Ce2O3 0.07 0.47 0.60 0.53 
Nd2O3 0.04 0.2 0.28 0.31 
Y2O3 0.00 0.02 0.04 0.03 
SO3 0.01 0.00 0.06 0.01 
F 2.7 2.4 2.3 2.6 
Cl 0.3 1.1 0.9 0.9 
Total 100.9 102.0 101.7 101.4 
     O≠F 1.21 1.27 1.16 1.32 
Total_1 99.7 100.75 100.54 100.1 
X(F) 0.7 0.6 0.6 0.7 
X(Cl) 0.0 0.2 0.1 0.1 
X(OH) 0.2 0.2 0.3 0.2 											
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Table 4-2 Representative trace-element composition of apatite from the mineralized zones 
and the Archean country rocks of the Marathon deposit. 
Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone Footwall Zone 
Sample No M05-94-194.4 M05-94-194.4 M05-94-194.4 M05-94-194.4 M05-94-194.4 
Host 
mineral 
Hydrous 
mineral 
Hydrous 
mineral 
Hydrous 
mineral 
Hydrous 
mineral 
Hydrous 
mineral 
Description Late apatite Late apatite Replacement rim 
Replacement 
rim Late apatite 
ppm 
     Na - - - - - 
Al 1000 1000 10000 2000 100 
Si - - - - - 
P 200000 200000 200000 200000 200000 
S - - - - - 
Cl 1000 2000 3000 4000 1000 
K 60 100 2000 80 50 
Ca 400000 400000 400000 400000 400000 
Fe 6000 5000 30000 2000 2000 
Ni 1.0 1.0 20.0 0.9 0.6 
Cu 3 3 20 2 2 
Sr 700 800 900 700 700 
Y 400 300 200 400 400 
La 1000 700 600 1000 1000 
Ce 3000 2000 2000 3000 3000 
Pr 300 200 200 300 300 
Nd 1000 900 700 1000 1000 
Sm 200 100 100 200 200 
Eu 30 20 10 30 30 
Gd 100 100 90 200 200 
Tb 20 10 10 20 20 
Dy 80 60 50 90 80 
Ho 10 10 8 20 20 
Er 30 30 20 40 30 
Tm 4 3 2 4 4 
Yb 20 20 10 20 20 
Lu 3 2 2 3 3 
Pb 20 40 40 20 20 
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Cont.	
Zone Footwall Zone Main Zone Main Zone Main Zone Main Zone 
Sample No M05-94-194.4 G10-2(2) G10-2(2) G10-2(2) F28-3b 
Host mineral Hydrous mineral Sulfide Sulfide Sulfide Plagioclase 
Description Replacement rim Rim Rim Core Rim 
ppm 
     Na - 200 700 300 1000 
Al 2000 200 1000 6 1000 
Si - 1000 4000 - 2000 
P 200000 300000 300000 300000 300000 
S - - 20000 1000 - 
Cl 3000 5000 5000 6000 2000 
K 100 - 200 - - 
Ca 400000 500000 400000 400000 400000 
Fe 8000 3000 20000 2000 3000 
Ni 3.0 1.0 90.0 10.0 1.0 
Cu 9 6 20000 100 4 
Sr 800 800 700 700 700 
Y 300 500 400 400 300 
La 600 2000 1000 1000 1000 
Ce 2000 5000 4000 3000 4000 
Pr 200 400 300 300 300 
Nd 800 2000 1000 1000 1000 
Sm 100 200 200 200 100 
Eu 10 30 20 10 20 
Gd 100 200 100 100 100 
Tb 10 20 10 10 10 
Dy 60 100 70 70 60 
Ho 10 20 10 10 10 
Er 20 40 30 30 30 
Tm 3 5 3 4 3 
Yb 20 30 20 20 20 
Lu 2 4 3 3 2 
Pb 30 90 50 40 8 							
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Cont.	
Zone Main Zone Main Zone Main Zone Main Zone Main Zone 
Sample No F28-3b F28-3b F28-3b M11-514-450.43 
M11-514-
450.43 
Host mineral Plagioclase Hydrous mineral 
Hydrous 
mineral Sulfide Sulfide 
Description Core Rim Core Rim Core 
ppm 
     Na 200 200 200 200 200 
Al 700 500 6000 - - 
Si 500 1000 7000 - - 
P 400000 300000 300000 200000 200000 
S - - - 5000 1000 
Cl 2000 2000 2000 2000 1000 
K - 40 - - - 
Ca 400000 400000 400000 400000 400000 
Fe 4000 3000 20000 2000 2000 
Ni 4.0 1.0 30.0 2.0 - 
Cu 5 3 10 500 80 
Sr 700 700 700 700 700 
Y 400 400 300 300 300 
La 1000 2000 2000 900 900 
Ce 4000 7000 5000 3000 3000 
Pr 300 500 400 300 300 
Nd 1000 2000 1000 1000 1000 
Sm 200 200 200 100 100 
Eu 20 20 20 20 20 
Gd 100 100 100 100 100 
Tb 10 20 10 10 10 
Dy 60 70 50 70 70 
Ho 10 10 9 10 10 
Er 30 30 20 30 30 
Tm 3 4 2 3 3 
Yb 20 20 10 20 20 
Lu 2 2 1 3 3 
Pb 2 40 20 6 3 						
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Cont.	
Zone Main Zone Main Zone W-Horizon W-Horizon W-Horizon 
Sample No G10-11I G10-11I 59374 59374 59374 
Host mineral Granophyre Granophyre Plagioclase Plagioclase Plagioclase 
Description Core Rim       
ppm 
     Na - - 500 300 300 
Al 30 200 600 4 - 
Si - - 800 - - 
P 200000 200000 200000 200000 200000 
S - - - - - 
Cl 500 600 5000 4000 3000 
K - 20 - - - 
Ca 300000 300000 400000 400000 400000 
Fe 2000 1000 1000 1000 2000 
Ni 0.9 - 0.9 - - 
Cu 2 3 5 4 4 
Sr 600 200 600 600 700 
Y 400 600 400 500 600 
La 1000 1000 1000 1000 2000 
Ce 3000 4000 4000 5000 6000 
Pr 300 400 300 400 400 
Nd 1000 2000 1000 1000 2000 
Sm 200 300 200 200 200 
Eu 20 10 10 9 10 
Gd 200 200 100 100 200 
Tb 20 20 20 20 20 
Dy 90 100 80 90 100 
Ho 20 20 20 20 20 
Er 40 50 40 50 60 
Tm 5 6 5 5 7 
Yb 20 30 30 30 40 
Lu 3 4 4 4 6 
Pb 20 20 5 3 3 							
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Cont.	
Zone W-Horizon W-Horizon W-Horizon W-Horizon Rheomorphic Breccia 
Sample No 59421 59421 59415b 59415b MSH56 
Host 
mineral 
Grain 
boundary 
Grain 
boundary 
Hydrous 
mineral 
Hydrous 
mineral  
Description Rim Core Rim Core   
ppm 
     Na 600 700 - - 3000 
Al 6 3 80 400 6000 
Si 1000 1000 - - 10000 
P 300000 300000 200000 200000 400000 
S 100 200 - - 600 
Cl 2000 2000 1000 1000 2000 
K 30 20 6 10 1000 
Ca 400000 400000 400000 400000 400000 
Fe 1000 1000 2000 2000 2000 
Ni 0.7 1.0 0.9 4.0 3.0 
Cu 2 4 4 9 5 
Sr 700 700 700 700 400 
Y 800 600 500 300 500 
La 4000 4000 1000 1000 900 
Ce 10000 8000 3000 2000 5000 
Pr 700 500 400 300 300 
Nd 2000 2000 1000 1000 1000 
Sm 300 300 200 100 200 
Eu 30 20 30 20 10 
Gd 200 200 200 100 200 
Tb 30 20 20 10 20 
Dy 100 100 100 70 100 
Ho 30 20 20 10 20 
Er 70 60 50 30 40 
Tm 9 7 6 3 6 
Yb 50 40 30 20 30 
Lu 7 6 4 3 4 
Pb 10 5 20 20 8 						
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Cont.	
Zone Rheomorphic Breccia Archean Footwall Rocks Archean Footwall Rocks 
Sample No MSH56 M08-468-169.91 M08-468-169.91 
Host mineral    
Description       
ppm 
   Na 1000 8000 6000 
Al 10000 10000 10000 
Si 30000 30000 30000 
P 300000 300000 300000 
S 300 - 200 
Cl 2000 2000 2000 
K 10000 400 200 
Ca 400000 400000 400000 
Fe 1000 3000 3000 
Ni 5.0 5.0 3.0 
Cu 1 20 8 
Sr 400 500 500 
Y 500 600 700 
La 900 2000 3000 
Ce 5000 8000 9000 
Pr 300 500 600 
Nd 1000 2000 2000 
Sm 200 300 400 
Eu 10 10 20 
Gd 200 200 300 
Tb 20 20 30 
Dy 100 100 100 
Ho 20 20 20 
Er 40 50 60 
Tm 5 6 6 
Yb 30 30 30 
Lu 4 4 4 
Pb 7 6 6 		
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Chapter 5 
Conclusions 
This study focused on two gabbro-hosted, contact/conduit-style PGE-Cu deposits in the 
Proterozoic Coldwell Complex of northwestern Ontario, with the main focus being the 
Marathon deposit and lesser emphasis on the Geordie Lake deposit. 
Petrographic studies have been combined with detailed chemical analyses using X ray 
spectroscopy (EDS and WDS) and in situ trace element analyses (LA-ICP-MS), as well 
as geothermometric calculations, and multiple sulfur isotopes studies (a combination of 
δ34S, Δ33S, and Δ36S). The overall objective of this project was to evaluate: 1) the 
petrogenetic evolution of gabbros that host the Marathon Cu-PGE deposit in northwestern 
Ontario, in the context of the magmatic and fluid-rock interaction history, as a framework 
for understanding the relationship of this evolution to the formation of the ore minerals; 
2) the role of volatile components in the genesis of the Marathon deposit; and 3) the role 
that contamination played in the sulfur saturation history of the magma(s) that host the 
Cu-PGE mineralization (both the Marathon and Geordie Lake deposits), as  well as 
characterizing the sulfur reservoirs. 
5.1 The Magmatic Evolution of the TDLG and Petrogenetic Differences 
between the Three Mineralized Zones 
The complexity of plagioclase and clinopyroxene textures, along with their major and 
trace-element variation, indicate that the TDLG cannot be the result of crystallization of a 
single batch of magma, but rather had a complex magma evolution history through a 
dynamic conduit system. This conclusion is founded on several lines of evidence: 1) the 
An content and concentrations of trace elements, such as Fe, Sr, and Ba in plagioclase, 
change significantly across resorption surfaces, in which both An content and trace 
element concentrations may increase or decrease, 2) plagioclase crystals showing 
evidence of resorption exhibit different trends in both La and Eu/Eu*, which can increase 
or decrease from the partially resorbed early crystal to one of the overgrowth phases, or 
from one stage of post-resorption overgrowth to a later post-resorption overgrowth, 3) 
inverted pigeonite has been resorbed and overgrown by clinopyroxene with 
 234 
orthopyroxene lamellae, and 4) dissimilar to orthopyroxene, clinopyroxene shows an 
enriched light-REE pattern that is contrary to the pattern expected from partition 
coefficients.      
Plagioclase and apatite were the first minerals crystallized and olivine either co-
precipitated with or postdated plagioclase and apatite. The negative Eu anomaly in early 
apatite indicates simultaneous plagioclase and apatite crystallization. The phosphate 
solubility constraints indicate that apatite should only crystallize after extensive fractional 
crystallization from mantle-derived basaltic melts. Therefore, apatite and plagioclase 
could have crystallized after extensive crystallization at depth from an evolved magma, 
and subsequently transported to higher crustal levels by entrainment in subsequent 
batches of basaltic magma. The model is consistent with observed resorption textures of 
plagioclase and early apatite, which indicate that early-crystallized plagioclase and apatite 
were not in equilibrium with later basaltic magmas. This model is also consistent with the 
conclusions of Mitchell et al. (1993) who suggested that the syenites were derived from 
fractional crystallization of basaltic melts. It is also consistent with the suggestion of 
Good and Crocket (1994) that the TDLG was emplaced as a plagioclase-rich crystal 
mush. 
Pyroxene crystallized as an interstitial phase and, prior to or during clinopyroxene 
crystallization, sulfide melt was introduced to the TDLG and continued to crystallize after 
clinopyroxene crystallization was complete. Several lines of evidence suggest that the 
post-plagioclase magmas that infiltrated the three zones were different in composition 
from one another. First, clinopyroxene and orthopyroxene from the Footwall Zone have 
different major element (higher Fe and lower Mg) and trace element concentrations 
compared to the other two mineralized zones. Second is the absence of inverted pigeonite 
from the W Horizon. The single-clinopyroxene thermometry results indicate lower 
crystallization temperatures for the Footwall Zone than the other two zones. This suggests 
that the Footwall Zone formed earlier than the overlying zones. 
All δ34S values of sulfide minerals from the Marathon deposit are within the range of 
typical magmatic values (0 ± 2‰) suggesting that the mantle was the dominant source of 
sulfur. Sulfide minerals from the Marathon deposit, however, exhibit a negative Δ33S 
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anomaly relative to mantle values (∼ 0‰), which indicates input of Archean crustal 
sulfur. Negative Δ33S, non-zero Δ36S values, and a negative correlation between the two 
isotopes with an r value of -0.97, indicate that significant sulfur was derived from 
Archean sedimentary rocks. Given that the country rocks in the vicinity of the Marathon 
deposit are felsic to intermediate volcanics and volcaniclastics, and contain little sulfide, 
crustal sulfur assimilation must have occurred at depth, prior to emplacement. A 
significant negative Δ33S anomaly in sulfide minerals from the Footwall Zone indicate 
significant sulfur contamination from Archean sedimentary rocks in the Footwall Zone 
and therefore sulfur saturation was likely caused by the addition of externally-derived 
sulfur. The decrease in the magnitude of the Δ33S anomaly with increasing distance from 
the basal contact, and the lack of anomalous Δ33S values at the top of the Main Zone and 
in the W Horizon, can be explained in three ways: 1) the TDLG crystallized from the 
bottom (contact with the country rocks) upwards and later magmas incorporated less 
crustal sulfur because less sulfur was available in the country rocks due to depletion by 
earlier pulses of magmas; 2) larger volumes of magma passed through the upper parts of 
the TDLG than lower down, and therefore later re-equilibration with new magma passing 
through the conduit effectively erased much of the evidence for crustal contamination (cf. 
Ripley and Li, 2003; Ripley and Li, 2013); 3) sulfur with a contaminated signature was 
transported from the Footwall Zone to the Main Zone by volatiles derived from the 
country rocks. In the last model, as the ascending volatiles interacted with the TDLG 
magma, the volatiles were gradually depleted of their crustal sulfur component such that 
the values higher in the Main Zone represent a mixture of crustal and mantle sulfur. The 
overall higher Cl/F ratios of apatite in the Footwall and Main zones compared to the W 
Horizon and other extensional-related intrusions (e.g., Skaergaard intrusion and Great 
Dyke) can be explained if Cl was added at the time that sulfur contamination occurred at 
depth. Addition of Cl during contamination is consistent with the overall decrease in Cl 
contents in apatite upwards in the system, and with the conclusion from the isotope 
studies that Archean sedimentary rocks were the source of sulfur contamination at depth. 
The Cl/F ratios of apatite from the three zones is consistent with conclusions from the 
sulfur isotopic data, in which W Horizon magmas were not contaminated, and the Main 
Zone magmas were less contaminated than those in the Footwall Zone. 
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5.2 Volatile Involvement in the Genesis of the Marathon deposit 
The Ca-rich resorption rims of plagioclase are associated with magmatic biotite and 
homogeneous hornblende, and are also tied to the introduction of sulfide melt, which is 
reflected by their higher S, Ni, Cu, and Pb, and lower Ti contents compared to earlier 
plagioclase, and by the presence of sulfide inclusions in the resorbed rims. These rims are 
thought to have formed through resorption by, and diffusional equilibration with, a late-
stage hydrous silicate melt-sulfide liquid mixture indicating the presence of late-stage 
volatile-rich melt. This late-stage hydrous melt/fluid was also responsible for the 
crystallization of homogeneous biotite and hornblende, particularly in the W Horizon. 
Therefore, sulfide liquid continued to be present at the time when late-stage hydrous melt 
and/or hydrous fluid were crystallizing. 
The residual hydrous melt aggregates contain chalcopyrite and bornite, particularly in the 
W Horizon. The ubiquitous presence of hydrothermal alteration around these residual 
hydrous melt aggregates indicates that a separate hydrous fluid exsolved from this late-
stage melt.  
Late apatite crystals are also associated with residual hydrous melt aggregates. These late 
apatite crystals have only been observed in the Footwall Zone and the W Horizon. 
Replacement rims on late apatite that contain fluid inclusions indicate that the 
replacement resulted from the interaction of volatiles with the gabbroic rocks. In the 
Footwall Zone, the replacement rims resulted from the interaction of late apatite with Cl-
rich volatiles exsolved from the silicate melts. The presence of hydrothermal carbonate 
and epidote in the residual hydrous melt aggregates of the W Horizon as well as the 
presence of carbonate as an alteration of apatite in the replacement rims indicate that the 
volatiles from which carbonate precipitated was also responsible for the apatite 
replacement rims. The absence of these minerals in the Footwall Zone suggests that the 
chemistry of the volatiles in the two zones was different and that they had different 
sources. The source of volatiles in the W Horizon, however, is unconstrained. In the 
Footwall Zone, these replacement rims have high metal contents and are associated with 
chalcopyrite (cf. Smoke et al., 2013) indicating that metals and S were remobilized by 
these volatiles. 
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The replacement of primary magmatic pyrrhotite by chalcopyrite, sulfide intergrown with 
hydrothermal alteration (hydrous minerals such as actinolite, chlorite, sericite), and 
sulfide replacing pyroxene lamellae, are more common in the Footwall and Main zones 
than the W Horizon. These features, as well as greater proportion of hydrothermal 
alteration in these zones than the W Horizon, indicate that sub-solidus fluid-rock 
interaction and associated metal remobilization in these two zones occurred to a greater 
extent than in the W Horizon, where such features are rare. Given the ubiquity of the 
hydrothermal alteration, and its occurrence principally in the lower part of the TDLG, it is 
more likely that the fluids are derived from devolatilization of the country rocks that lie 
below the TDLG as a result of the continued influx of magmas that formed the Coldwell 
Complex. The hydrous fluid has likely fluxed through the underlying Main Zone, and so a 
possible model involves earlier crystallization of the Footwall and Main zones, while the 
W Horizon was still crystallizing (post-plagioclase), and the addition of the fluids that 
caused alteration of the underlying Main Zone to the W Horizon magmas. This resulted in 
the oxidation of the W Horizon magmas through addition and dissociation of water and 
therefore the crystallization of bornite rather than pyrrhotite (cf. Wohlgemuth-
Ueberwasser et al., 2013). Therefore, Cu was likely remobilized in two different stages, 
with two different sources of volatiles. 
5.3 Sulfur Reservoirs in the Geordie Lake Deposit 
The δ34S of sulfide minerals in and around the Geordie Lake deposit are within the range 
of magmatic values (0 ± 2‰), but exhibit a wider variability than sulfide minerals in the 
Marathon deposit. The sulfur isotopic composition of chalcopyrite in albite pods within 
the deposit is similar to magmatic pyrrhotite in the gabbro, but distinctly different from 
hydrothermal chalcopyrite in syenite country rocks, suggesting that albitization represents 
a late stage of gabbro crystallization and it not related to syenite-derived fluids. 
Chalcopyrite from the deposit exhibits the δ34S values that lie between the values of 
gabbro-hosted pyrrhotite and of chalcopyrite hosted by the syenite, suggest that the 
chalcopyrite in the ore deposit was precipitated from a mixture of externally derived 
sulfur and sulfur from the gabbroic magmas. 
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5.4 Future Work 
The following studies are needed to consider in future: 
(1) Three models have been proposed in this study to explain the decrease in the 
magnitude of the Δ33S anomaly with increasing distance from the basal contact. 
The three models, however, cannot be rigorously discriminated between with the 
available sulfur isotope data. This will require additional Δ33S data from the Main 
Zone, and from other mineralized occurrences along the length of the Eastern 
Gabbro that are hosted by the Marathon Series (e.g. Four Dams, Area 41), which 
have been characterized as Main Zone-type mineralization (McBride, 2013; Cao 
et al., 2016). 
(2) Our studies indicate that Cu was possibly remobilized at two different stages, with 
two different sources of volatiles (derived from silicate melts and Archean country 
rocks). Future studies, however, are needed to fully assess the sources of volatiles. 
Fluid inclusions studies would be one of them. 
(3) Our data suggests that PGE were enriched by Cl-rich volatiles in the Footwall 
Zone, at least locally, based on the positive correlation between the grade of 
mineralization and the Cl content of apatite. They have to, however, be considered 
preliminary and more data is needed to further clarify the relationships.   
(4) Previous studies suggested a sulfur loss model to explain the presence of bornite 
and the absence of pyrrhotite in the W Horizon compared to the Main Zone 
(Ruthart, 2013). Our study, however, indicates that oxidation of the W Horizon 
magmas through addition and dissociation of water could have resulted in the 
crystallization of bornite rather than pyrrhotite. Therefore, further studies are 
required to investigate these processes.  
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